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ABSTRACT 
 
 There are new in-situ test devices such as the Geogauge, Light Falling Weight 
Deflectometer (LFWD) and Dynamic Cone Penetrometer (DCP). Unlike the nuclear density 
gauge, the new methods provide measurements based on the engineering properties 
(strength/stiffness) of soil instead of physical properties like field density and moisture content. 
However the geogauge, LFWD and the DCP are not yet proven to be reliable and the 
correlations of these tests with standard tests are limited. An extensive laboratory investigation 
was carried out to evaluate the Geogauge, LFWD and DCP as potential tests to measure in-situ 
stiffness of highway materials and embankments. In this study, test layers were prepared in two 
boxes that measure 5 ft length x 3 ft width x 2 ft depth at Louisiana Transportation Research 
Center (LTRC) Geosynthetic Engineering Research Laboratory (GERL). The results from a 
series of laboratory tests on embankment soils and base course materials were used to correlate 
Geogauge, LFWD, Dynamic Cone Penetrometer (DCP) measurements with the Plate Load Test 
(PLT) and California Bearing Ratio (CBR). There is good correlation between the LFWD 
dynamic modulus and PLT elastic modulus. The LFWD is a better alternative for static PLT 
compared to the Geogauge. Although LFWD is a dynamic test, the similarity in depth of 
influence with the PLT and the quality of developed correlations suggests that the LFWD has 
better potential to replace the PLT. There is no significant correlation between the LFWD and 
the CBR test. The Geogauge and the DCP correlates better with the CBR and DCP is already 
proven to be an effective tool to estimate in-situ CBR.   Based on the developed correlations and 
laboratory experience, it was found that the investigated devices have the potential to measure 
in-situ stiffness of highway materials and embankments.  
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CHAPTER 1 
INTRODUCTION  
1.1 QUALITY CONTROL & QUALITY ASSURANCE IN CONSTRUCTION 
 Assessing the quality of compacted layers is essential in the construction of pavement 
layers and other earth work. Past and present quality control (QC/QA) methods are based on 
achieving physical properties like adequate field density relative to maximum dry density at the 
optimum moisture content, in addition to the thickness of the layers. The current methods of 
QC/QA were established many years ago because determining the density or moisture content of 
soils does not require technology or electronics. The time is due to improve the methods we use 
to control the quality of compacted soils and to use more robust devices capable of giving 
representative measurements of the properties sought in the design. 
 Compaction is usually used to stabilize geomaterials and to improve their engineering 
properties, such as strength. Therefore, the QC/QA procedures used during and after compaction 
should focus on engineering properties such as strength/stiffness rather than physical properties 
of soils. The current QC/QA procedures rely on measuring density which is a labor intensive, time 
consuming and sometimes hazardous (e.g., nuclear density gauge). The nuclear density gauge is 
widely used in practice as a QC/QA acceptance criterion to measure density and moisture content. 
There have been several incidents where the device is crushed by a roller or a truck in the field 
accidentally increases the demand for a non-nuclear device. New devices are introduced that are 
designed to directly measure the engineering properties of the compacted soils as the technology 
improves. It becomes essential to develop new QC/QA procedures and performance-based 
specifications after the new devices like the Geogauge and the Portable Falling Weight 
Deflectometers are proven to be reliable enough to be implemented in QC/QA procedures. 
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 Because of labor and time factors, construction sites are often under-sampled. Lack of 
quality control during the compaction process may result in costly corrections of problems for 
the contractor. To minimize the possible future problems with the job acceptance, or to avoid 
redoing the compaction or costly corrections, contractors sometimes prefer to over-compact the 
layers, which is again not economical and time consuming.  
 Current QC/QA procedures of the construction projects are based on limited number of 
data. As civil engineers, we don’t have the opportunity to test hundreds or thousands of our 
products as in the case of quality control of manufactured goods such as bulbs or detergents. We 
don’t have the luxury of destroying large samples of what we have constructed to ensure quality 
of the work done. Same is true for quality assurance procedures. The use of rapid and non-
destructive test devices has the promise to minimize under-sampling problem and hence 
improving QC/QA procedures.  
1.2 OBJECTIVES 
 The main objective of this study is to evaluate the recently developed in-situ tests by 
conducting laboratory tests. The devices to be investigated are the Humboldt Geogauge, the 
Light Falling Weight Deflectometer (LFWD) and the Dynamic Cone Penetrometer (DCP). The 
objectives of this thesis include developing correlations of these devices with the Plate Load Test 
(PLT) and CBR results. Shortcomings and advantages of the devices will be evaluated during the 
testing program. Conclusions and recommendations for each device will be provided. 
1.3 THESIS OUTLINE 
 The background for the Geogauge, the LFWD and the DCP will be presented in      
Chapter 2. It includes the description of the devices, applications and available correlations. 
Materials used in the testing program, preparation of layers to be tested and the testing program 
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will be presented in Chapter 3. This chapter also includes the methodology for testing with each 
device and sample results.  
 Summary of test results and the ir analysis will be presented and discussed in Chapter 4. 
Plots of the results obtained with the different devices and the suggested correlations are also 
included in Chapter 4. Last chapter summarizes the conclusions of the thesis with remarks and 
recommendations on the Geogauge, the LFWD and the DCP.   
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CHAPTER 2 
LITERATURE REVIEW 
2.1 GEOGAUGE 
2.1.1 Description 
 The Geogauge is a hand portable device capable of performing simple and robust 
measurements of the in-situ stiffness of soils. It is manufactured by the Humboldt Manufacturing 
Company. As advertised by the manufacturer, the geogauge provides precise means of 
measuring the stiffness of the compacted subgrade, subbase and base course layers in pavement 
and other earthen constructions. 
 Geogauge has the potential to replace the current methods of QC/QA for compacted soils 
based on density criterion, which is also the main reason for developing the device. The Federal 
Highway Administration (FHWA) supervised a research effort to develop a device, which is 
faster, cheaper, safer and more accurate compaction testing device. A joint effort between the 
U.S. Department of Defense’s Advanced Research Program’s Administration (ARPA) and 
FHWA lead to the development of the geogauge. The soil stiffness gauge (geogauge), which is a 
redesign of a military device that used acoustic and seismic detectors to locate buried landmines, 
was developed. Humboldt Manufacturing Co. of Chicago, Illinois; Bolt, Beranek & Newman 
(BBN) of Cambridge, Massachusetts; and CNA Consulting Engineers of Minneapolis, 
Minnesota are the partners of the FHWA in this cooperative research and development  
agreement.  
 The geogauge, as shown in Figure 2.1, has a compact design which enables portability 
and ease of operation. It weighs approximately 10 kg (22 lb), and has a compact size of 28 cm 
(11 in) in diameter x 25.4 cm (10 in) in height. The device rests on the soil surface via ring 
 5 
shaped foot which has an outside diameter of 114 mm (4.50 in) and an inside diameter of 89 mm 
(3.50 in); hence, with a ring thickness of 13mm (0.50 in). The foot bears directly on the soil and 
supports the weight of the geogauge via several rubber isolators. 
 
Figure 2.1 The Humboldt Geogauge 
 
2.1.2 Principle of Operation 
 A mechanical shaker, which is attached to the foot, shakes the geogauge from 100 to 196 
Hz in 4 Hz increments which makes 25 different frequencies. The sensors measure the force and 
deflection-time history of the foot. The magnitude of the vertical displacement induced at the 
soil-ring interface is less than 0.00005 in. (1.27 x 10-6 m). A microprocessor computes the 
stiffness (layer’s resistance to deflection) for each of the 25 frequencies and the average value of 
the 25 measurements is displayed with the standard variation. At these low frequencies, the 
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impedance at the surface (force and resulting surface velocity vs. time) is stiffness dependent and 
is proportional to the shear modulus of the soil.  
 Each compacted layer in a construction site can be thought of being a spring which 
distributes the load to the lower layers. At the frequencies of operation, the ground- input 
impedance will be dominantly stiffness controlled. As for the springs: 
 Fdr = Kgr * X1           (2.1) 
Where, 
 Fdr = force applied by the shaker 
 Kgr = stiffness of the ground 
 X1 = displacement at the rigid foot 
 A flexible plate (Figure 2.2) has a known stiffness; hence the force applied by the shaker 
is measured by differential displacement across the flexible plate. 
 Fdr = Kflex (X2 – X1)          (2.2) 
Where, 
Kflex = stiffness of the flexible plate 
X2 = displacement at the flexible plate 
The ground stiffness is calculated as; 
 
                                                                                                                                                 (2.3) 
        
Where;                                                                                                       
 n = number of test frequencies 
 V1 = velocity at the rigid foot 
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V2 = velocity at the flexible plate 
Shear and Young’s modulus for the tested soil can be derived from the measured 
stiffness, using the theory of elastic ity, with the Poisson’s ratio for the soil and using the 
geometric dimensions of the geogauge. Dimensions and other technical specifications for the 
Humboldt Geogauge are provided in Table 2.1. The problem of a rigid annular ring on a linear 
elastic, homogeneous, isotropic half space has been studied by Egorov (1965).  The relation 
between the measured stiffness K and the Young’s modulus E has the functional form 
E = Kgr (1- n2) w(n)/R        (2.4) 
Where,         
 E = Modulus of elasticity 
 Kgr = Ground stiffness from geogauge (MN/m) 
 n = Poisson’s ratio 
 w(n) = Function of the ratio of the inside diameter and the outside diameter of the 
annular ring. ( = 0.565 for the Geogauge geometry) 
 R = Radius of geogauge ring (2.25 inches = 0.05715m)                        
Hence, the shear modulus G derived from the measured Geogauge stiffness is,  
 G = Kgr (1- n)/3.54R          (2.5) 
 Based on finite element analysis and lab tests, Sawangsuriya et al. (2002) found that the 
depth of influence of the geogauge extents to 300 mm for loose sand. However if the sample to 
be tested is a multi layered soil with different stiffness values the geogauge will measure the 
stiffness of an upper-layer of 125 mm or thicker. Depending on the relative stiffness of layer 
materials, the effect of bottom layer can be present up to 275 mm.  The same research indicates 
that the boundary effects become negligible for test boxes with width greater than 0.6 m. 
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2.1.3 Applications  
Advertised applications of the geogauge include construction process control, performance 
specification development, forensic and diagnostic investigations, and estimating density in 
conjunction with a moisture measurement. The geogauge is being investigated by many 
researchers since its development. It is desired to have positive results that validate the  
 
1 Rigid foot with annular ring 
2 Rigid cylindrical sleeve 
3 Clamped flexible plate 
4 Electro-mechanical shaker 
5 Upper velocity sensor 
6 Lower velocity sensor 
7 External case 
8 Vibration isolation mounts 
9 Electronics 
10 Control & display 
11 Power supply 
 
Figure 2.2 GeoGauge Principle of Operation (FHWA GeoGauge Workshop, 2000) 
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Table 2.1 Technical Specifications of the Geogauge (Humboldt 2000c). 
Soil Measurement Range 
Stiffness 
Young's Modulus 
Measurement Accuracy 
 
3 MN/m (17 klbf/in) to 70 MN/m (399 klbf/in) 
26.2 MPa (3.8 ksi) 610 MPa (89 ksi) 
(typical, % of absolute) < + 5 % 
 
Depth of Measurement from 
surface 
220 mm (9 in) 
 
Calibration 
Accuracy (% of actual mass) 
Range (effective) 
 
Laboratory 
< + 1% 
4 MN/m (22.8 lb/in) to 16 MN/m (91.4 lb/in) 
 Electrical 
Power Source 
Battery Life 
 
6 D size disposable cells 
Sufficient for 500 to 1,500 measurements 
 Mechanical 
External Materials 
Vibration 
Level re Vertical 
Operating Temperature 
Storage Temperature 
Humidity 
Gauge Dimension (w/o handle) 
 
Weight 
 
 
Aluminum case & foot, rubber isolators & seal 
< 0.00005 in. @ 125 Hz 
± 5 ° 
0°C to 38°C (ambient) 
-20°C to 50°C 
98%, without condensation 
280 mm (11 in) Diameter 
255 mm (10 in) Height 
Net 10 kg (22 lbs) 
Shipping, with case 16.8 kg (37 lbs) 
Standard Accessories 
 
Transit Case, 6 ‘D’ Batteries, User Guide 
 
Optional Accessories 
 
Verifier Mass 
Infrared (IR) com serial interface adapter cable 
with software template (3.5" floppy, PC) 
 
advertised applications of the geogauge. The compact design, non destructive nature, and fast 
testing procedure of the geogauge enables engineers to acquire a large volume of data necessary 
for quality control and quality assurance based on the engineering properties of the tested 
materials.  
Construction process control can be performed using the geogauge to measure real-time 
performance of compacted layers in order to comply with the specified performance and 
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warranties. Several approaches were proposed for evaluation of compacted layers using the 
geogauge. The most widely accepted approach is the real-time control of the compaction process 
without  a relationship with the dry density because the  relationship between density and 
stiffness or modulus will be highly conditional and only exist within the context of physical 
parameters such as the moisture content, void ratio and stress. Geogauge is used to monitor the 
stiffness gain with each pass or set of passes of rollers. Compaction is optimized when the 
percentage gain in stiffness, relative to the first pass, remains approximately constant. Applying 
compaction beyond that point will not improve the stiffness of layer but most likely damage or 
degrade the layer and the layers below. This method of compaction control has been successfully 
used on asphalt by Magnum Asphalt Inc. (Figure 2.3) and on aggregates by the Florida DOT. 
The manufacturer believes that the geogauge is an effective tool for estimating dry 
density based on the following relation, which is a minor modification of the work conducted by 
Hryciw & Thomann (1993).  
                                                                                           
            (2.6) 
 
Where,  
?  d = dry density 
 ?0 = ideal zero void density 
 m = moisture content (%) 
 K = geogauge stiffness 
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Figure 2.3 Compaction of 2 inch layer of Hot Mixed Asphalt, Magnum Asphalt, Inc. (2000) 
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 The C value needs to be defined for a geographical region or group of soil classes from 
companion measurements of stiffness, moisture content and dry density. The value is only 
dependent of moisture content. The use of the defined C with the measured stiffness and 
moisture content in Equation 1.6 will then result in dry density estimation for each location. The 
procedure is not practical for projects that do not require abundant number of density 
measurements for a geographical region or a class of soils. The C value can be obtained as 
follows:  
 C = n (K/m0.25) + b         (2.7) 
Where,  
n = slope of line of C vs. K/m0.25 
b = intercept   
Figure 2.4 shows a typical relationship achieved from the field data (MODOT, 
November, 1999). Based on this relationship the values of n and b parameters are equal to 2.26 
and 160.36, respectively. 
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Figure 2.4 Determination of C value (MODOT, 1999) 
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Humboldt states in the user guide that this approach has worked well with a significant 
volume of data (100s of measurements) from 6 sites located throughout United States. However, 
preliminary testing by the Florida Department of Transportation and others has found a poor 
correlation between density and stiffness. Figure 2.5 illustrates the summary of results obtained 
from field measurements at 6 different projects in Wisconsin. Dry density measurements from 
the nuclear density gauge were plotted versus geogauge dry density estimates obtained with 
relationship provided by Humboldt (Equation 2.6).  
Although there seems to be a correlation between the dry densities when six classes of 
data are combined, this conclusion will be misleading. Each class of data should be investigated 
individually since the density estimates with the geogauge rely on initial stiffness, moisture and 
density companion readings for each group of soil. If data in Figure 2.5 is to be investigated for 
each type of soil, large scatter is observed. Also the fact that the application of geogauge stiffness 
– dry density relationship requires moisture content measurement for each location, geogauge 
needs to be improved with ability to measure moisture content if it is going to be used for 
estimation of dry density. 
2.1.4 Correlations Obtained by Other Users  
 Nelson and Sondag (1999) compared the stiffness values obtained from the Geogauge 
and the Quasi-Static Plate Load Test.  The average stiffness obtained from the load/unload 
curves of the quasi-static plate load test was 27.1 kips/inch and the geogauge measured a 
stiffness of 24.8 kips/inch for the same point. The difference between the two values was about 
10 percent.  
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Figure 2.5 Geogauge versus Nuclear Gauge Dry Density Measurements (Sawangsuriya, 2001) 
 Petersen et al. (2002) reported that the unloading, reloading and initial modulus values 
have different correlations with the geogauge modulus values (Figure 2.6). It was found that, 
unload and reload modulus values are typically 3 to 20 times larger than the initial tangent 
modulus. The initial loading modulus correlates better with the geogauge stiffness modulus 
compared to unloading and reloading moduli. However the geogauge modulus was nearly 7 
times larger than the initial loading modulus. 
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Figure 2.6 Relationship between Quasi-Static Plate Load Modulus and Humboldt Geogauge 
Stiffness Modulus (Petersen et al., 2002) 
  
 Several field tests were performed using the geogauge and Falling Weight Deflectometer 
(FWD) in order to investigate possible correlation between the geogauge stiffness and resilient 
modulus from FWD. The following figures and tables in this section summarize the results of the 
current state of knowledge. 
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Table 2.2 Results of geogauge stiffness and material for soil- fly ash-cement mixes and 
SuperPave (Humboldt 2000a) 
Mean Resilient Modulus  
Material 
Mean 
Stiffness 
(MN/m) 
Coefficient of 
Variation 
(%) (MPa) (ksi) 
Subgrade A24, Silty Sand 12.2 27.9 105.8 15.3 
Base <24 hr. Old 10.4 16.3 90.2 13.1 
Base ~ 1 Day Old 14.9 30.2 129.2 18.7 
Base ~ 5 Day Old, 1st Lift 17.4 21.3 150.9 21.9 
Base                          
Several Months Old 27.7 43.3 134.4 19.5 
Superpave 19mm ~ 4" 
Thick 
64.6 30.2 129.2 18.7 
Full Depth Pavement 
Superpave 19mm ~ 4" 
Thick 
28.7 15.0 249.0 36.1 
 
Table 2.3 Stiffness quality ranges reported for each device by TXDOT (Chen et al. 1999) 
Base Quality 
Geogauge Stiffness 
(MN/m) 
Geogauge Modulus  
(MPa) 
Falling Weight 
Deflectometer 
(MPa) 
Weak <10 <87 <140 
Good 18-24 156-208 310-450 
Excellent >30 >260 >700 
 
Table 2.4 Correlations of Geogauge stiffness with resilient modulus from FWD and seismic 
devices (Chen et al. 1999) 
Resilient Modulus  
(MPa) 
Slope 
(MPa)/(MN/m) 
Intercept 
(MPa) 
Correlation 
Coefficient 
(R2) 
FWD 37.7 -262 0.82 
Seismic 55.4 -163 0.81 
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Table 2.5 Results of test sections on US Rt. 44 in New Mexico (Humboldt 2000b)  
Mean Resilient Modulus  
Material 
Mean 
Geogauge 
Stiffness 
(MN/m) 
Coefficient 
of Variation 
(%) (MPa) (ksi) 
Sandy Clay Subgrade 
(Not Stabilized) 
11.9 14.2 103.8 15.5 
Sandy Clay Subgrade 
Lime Stabilized (1 day cure) 
13.4 18.3 116.7 16.9 
Sandy Clay Subgrade 
Lime Stabilized (2 days cure) 15.5 16.9 134.9 19.6 
Sandy Clay Subgrade 
Lime Stabilized                     
(2 weeks cure) 
22.5 13.8 196.2 28.4 
Clayey Sand Subgrade 
(Not Stabilized) 
14.6 15.2 126.2 18.3 
4" Milled Asphalt Base, 
Including Top Coat of Binder 
18.4 18.5 159.5 23.1 
2nd Course Asphalt 38.9 23.9 337.7 49.0 
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Figure 2.7 Correlation between FWD and geogauge stiffness values for the subgrade at Rt 35 in 
OH. (Sargand et al., 2000) 
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Figure 2.8 Correlation between FWD and geogauge stiffness values for the composite base at 
US Rt. 35 in OH. (Sargand et al., 2000)  
2.2 DYNAMIC CONE PENETROMETER (DCP) 
2.2.1 Description 
 The Dynamic Cone Penetrometer (DCP) is a hand held instrument designed for the rapid 
in-situ measurements of the strength and variability of existing pavement layers and subgrades. 
Scala initiated the use of the DCP (1956) for determining the in situ CBR of cohesive soils. The 
use of the DCP has increased with the design of Kleyn (1975), since then extensive research and 
investigation has been carried out. The DCP device has been proven to be an effective tool in the 
assessment of in-situ strength of pavement layers and subgrade. The test is simple, economic and 
fast which allows for more frequent testing. 
The DCP consists of an 8 kg sliding hammer falling a distance of 575 mm onto an anvil 
attached to the penetrometer rod, which drives a 60º steel cone located at the end of the long steel 
rod (Figure 2.9). The diameter of the cone and the rod are 20 mm and 16 mm, respectively. The 
number of hammer drops versus cone penetration is recorded for each test to calculate the 
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penetration rate, PR, (in mm/blow). Conducting the test requires two people, one to lift and drop 
the DCP hammer and another to measure and record the depth of penetration. The average PR 
can be used to estimate the California Bearing Ratio, CBR, and the Elastic Modulus, E, using 
available correlations. 
2.2.2 Applications  
2.2.2.1 Identifying Weak Spots in Compacted Layers: Many studies aimed to determine 
reasonable correlations between DCP’s penetration rate and in-place compaction density failed 
to find such correlations. Most of the results that are based on cohesive and granular materials 
showed too much variability to practically apply a correlation. However properly compacted 
sections exhibit very uniform PR values, so it is suggested to use DCP to map out weak spots in 
presumed to be uniform compacted material. 
2.2.2.2 Locating Layers in Pavement Structures: The DCP is an effective tool for evaluating 
pavement base, subbase and subgrade layers. Plotting the penetration rate versus depth enables 
engineers to analyze different layers of pavement materials with depth. It can penetrate to depths 
greater then the radius of influence of the geogauge, LFWD and plate load test.    
When DCP is used in the assessment of the surface layer strength without confinement, 
the penetration rate, after some required depth, should be calculated to determine the actual 
strength of the soil layer. The required depth depends on the type of the soil. Webster et al. 
(1992) reported the average required depths for different types of soils (Table 2.6) based on their 
field experiences at U.S Army Waterways Experiment Station, MS.   
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Figure 2.9 The Dynamic Cone Penetrometer 
 
Table 2.6 DCP Depth Required to Measure Unconfined Layer Strength (Webster et al., 1992) 
Soil Type Average Required 
Penetration Depth (in) 
CH 1 
CL 3 
SC 4 
SW – SM 4 
SM 5 
GP 5 
SP 11 
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 In order to be able to use DCP as a more effective tool for rehabilitation studies and 
compaction evaluation, MnDOT suggested defining limiting penetration rate value for each 
particular subgrade soil and base type. After conducting more than 700 DCP tests on the 
Mn/ROAD project, they were able to recommend the PR values listed in Table 2.7 for use when 
analyzing DCP test results. These recommended values are based on assuming adequate 
confinement near the testing surface. The recommended values do not cover all types of 
materials; by conducting similar research Table 2.7 can be extended to include other classes of 
base courses. 
Table 2.7 Limiting DCP Penetration Rates by MNDOT (Burnham, 1997) 
Material Type  Limiting PR (mm/blow) 
Silty/clay subgrade < 25 
Select Granular 
Subgrade 
< 7 
Class 3 Special 
gradation granular 
base materials 
< 5 
 
2.2.2.3 Monitoring Effectiveness of Stabilization: Measuring density is not an effective 
method to monitor the strength gain with time for soil stabilization with additives. Densities of 
such materials do not increase in accordance with the strength gain. Since DCP’s working 
principle is directly based on tested material’s resistance for the cone to penetrate, decrease in the 
PR values as strength increases can be used to monitor effectiveness of stabilization with time.  
2.2.2.4 Using as a Quality Acceptance Testing Tool: DCP is an efficient quality assurance 
testing tool for performance based specifications. The device already took its place in the 
Minnesota Department of Transportation’s specification for pavement edge drain backfill and 
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granular base compaction. DCP penetration rate of 3 inches/blow or less indicates satisfactory 
compaction according to Mn/DOT Subsurface Drain Installation Specifications.  
2.2.3 Correlations between DCP and CBR 
 The dynamic cone penetrometer test is becoming a common practice for the 
determination of in-situ California Bearing Ratio (CBR) because of its simplicity, 
inexpensiveness and enabling rapid measurements of in situ strength of pavement layers and 
subgrades. The Penetration Rate (PR) is converted to an equivalent CBR as a measure of stability 
and strength. Extensive research has been carried out to investigate the correlations between 
DCP and CBR and to enhance the level of confidence of the DCP usage for CBR determination. 
The most widely accepted log- log models, as listed below, represent correlations between 
California Bearing Ratio (CBR) and the DCP penetration rate (PR, in mm/blow):  
· Kleyn (1975): Log CBR = 2.62 – 1.27 log PR      (2.8) 
· Smith and Pratt (1983): Log CBR = 2.56 – 1.15 log PR     (2.9) 
· Harison (1984, 1986): Log CBR = 2.55 – 1.14 log PR              (2.10) 
· Livneh (1987, 1991): Log CBR = 2.20 – 0.71 (log PR)1.5               (2.11) 
It can be seen that Harrison’s correlation is almost the same as the Smith and Pratt’s 
correlation, which suggests a higher level of confidence for both correlations. Another DCP 
versus CBR correlation, which is available in the literature is the correlation suggested by the 
Army Corps of Engineers: 
· CBR = 292/ PR1.12                   (2.12) 
Where, 
 PR is in mm/blow.  
 23 
After further testing at the Waterways Experiment Station (WES), it was found that the 
data for CBR with values less than 10% and the data for fat clay do not agree with Equation 
2.12. The following correlations were then developed for soils with CBR values less than 10% 
and for fat clays (CH), (Webster et al., 1992). 
· CBR = 1/(0.017019*PR) 2 If CBR < 10%              (2.13) 
· CBR = 1/(0.002871*PR) (CH)                  (2.14) 
In order to check if the listed correlations agree with each other a spreadsheet was 
prepared which gives the required penetration rate (mm/blow) for given CBR (%) values. The 
following figures reveal the agreement between different correlations.  
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Figure 2.10 Comparison of different CBR – DCP Correlations 
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2.2.4 Correlations Between DCP and Modulus  
Once CBR value of soil is obtained by DCP test, one may want to determine the subgrade 
modulus from the well-known relationship, which has been adopted by the 1993 AASHTO 
Guide for Design of Pavement Structures;   
MR = 10 CBR                     (2.15) 
 Where, MR is in MPa. However this approach to predict MR from DCP derived CBR 
values involves the cumulative error resulting from two regression equations. Chen et al. (1999) 
conducted a research in Kansas to develop a direct correlation to obtain MR from DCP data. 
Falling Weight Deflectometer was used to back-calculate the subgrade layer moduli with 
EVERCALC, which is a linear-elastic back-calculation program developed by the Washington 
State Department of Transportation. CBR values were derived from DCP using Livneh’s 
correlation. DCP and FWD data from 5 sections were used to obtain the direct correlation 
between the DCP and MR, and the correlation was then verified at the 6th section. For all the 6 
sections MR were also estimated from DCP derived CBR values.  Results of the field tests from 
the first 5 section showed that there is a power model correlation between the DCP values and 
the FWD-backcalculated subgrade moduli (Equation 1.16), which is verified with the tests 
conducted at the 6th test section on US-283 in Ness County. 
 MR = 338 (PR)-0.39 (R2 = 0.42, N=140, MSE=930.3)              (2.16) 
Where, 
 MR is in MPa, and PR is in mm/blow. 
 Equation 2.16 was derived for DCP penetration rates between 10 and 60 mm/blow. 
Compared to MR values obtained indirectly from CBR equations, the directly estimated MR 
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values from DCP using Equation 2.16 for the 6th section were more consistent and in agreement 
with the FWD back-calculated moduli for that section.     
 Other relations between DCP penetration rate and elastic modulus (E) are also available 
in the literature. The following correlations are based on the back-calculated layer moduli of 
pavements: 
· Pen -1 (1990): Log E = 3.250 – 0.89 log PR                (2.17)  
(E: Subgrade’s elastic modulus in MPa back-calculated by system PHONIX, R2 = 0.56)   
· Pen -2 (1990): Log E = 3.653 – 1.17 log PR                (2.18) 
 (E: Subgrade’s elastic modulus in MPa back-calculated by system PEACH,  R2 = 0.81) 
· De Beer (1991): Log E = 3.048 – 1.062 log PR               (2.19) 
 (n = 86, R2 = 76%) 
 The M. de Beer’s correlation is based on backcalculating the moduli by Heavy Vehicle 
Simulator. 
2.3 LIGHT FALLING WEIGHT DEFLECTOMETER (LFWD) 
2.3.1 Description 
 The LFWD is a portable device used to determine the bearing capacity of soils and to 
evaluate the strength of flexible pavement systems. The device has different versions due to 
different manufacturers and different country of origin, but they are very similar in principle. The 
one that is used in this research is the Prima 100, which is recently developed by Carl Bro 
Pavement Consultants (Denmark). The device is easy to handle and is an alternative to plate load 
tests, enabling rapid measurements without disturbing the soil. It weighs 26 kg in total with a 10 
kg falling mass that falls on the bearing plate via four rubber buffers (Figure 2.11). It can be used 
on all construction sites and materials. 
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2.3.2 Comparison of Various Portable Falling Weight Deflectometers  
 There are other portable falling weight deflectometers available in the market. The 
devices that have the same principle and similar impact energy as the Prima LFWD are the 
German Dynamic Plate Test (GDPT), also known in the UK as the Lightweight Drop Tester and 
the Loadman, which was originated in Finland. 
 There is very limited literature about the Prima LFWD. Most of the previous work on 
small-scale dynamic devices was conducted with the Loadman and GDPT. Although the 
mechanisms and impact loads are similar to each other, results obtained with alternative portable 
falling weight deflectometers shows significant variability even for the same field conditions. 
 Fleming (2000) evaluated the Loadman, German Plate Bearing Test and TRL Foundation 
Tester (TFT), which was not commercially available. After laboratory investigations and 
reviewing field results, it was shown that the different buffer materials and different mass of 
bearing plates has effect on the contrasting results. Also the technology used by different 
manufacturers is not the same. For example the Prima LFWD has a load cell for measuring the 
impact force whereas GDPT and the Loadman do not have a load cell. Instead an approximation 
is used with these devices to estimate the impact force from deflection. Carl Bro states that they 
used the same technology as the full scale FWD, load cell, geophones etc. for developing Prima 
LFWD.  
2.3.3 Measuring Principle 
 A center geophone sensor measures the deflection caused by dropping a 10 kg hammer 
freely onto the loading plate (Figure 2.11). The falling mass impacts the plate and produces a 
load pulse of 15-20 milliseconds. The diameter of the loading plate used in this research is 200 
mm. Alternatively 100 mm and 300 mm plates are also available. The load range of the LFWD is 
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1 to 15 kN. It measures both force and deflection. The measured deflection of the ground is 
combined with the applied load to calculate the stiffness using conventional Boussinesq static 
analysis. The load cell used in Prima 100 LFWD has a resolution of 0.1 kN. The velocity 
transducer (geophone), which is mounted to the center of loading plate has a resolution of 1 µm 
and range between 1-2200 µm. The standard model has one geophone sensor but models with 
three geophones, which can provide a simple deflection bowl, are also available. The measured 
center deflection is used to estimate the dynamic deformation modulus as follows:  
             
                       (2.20) 
 
Where, 
 ELFWD = LFWD dynamic modulus 
K = p/2 and 2 for rigid and flexible plates, respectively. 
dC = Center deflection 
P = Applied Stress 
r = Radius of the plate 
 28 
   
Figure 2.11 The Light Falling Weight Deflectometer 
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CHAPTER 3 
 EXPERIMENTAL WORK 
3.1 TEST MATERIALS 
 
In order to have a wide range of results, different types of soils were prepared at the 
Louisiana Transportation Research Center (LTRC) laboratory and tested at different compaction 
levels and moisture contents.  
Materials used in this research include typical Louisiana soils (silty and clayey type 
soils), which are used as subgrade and embankment materials; sand, cement-stabilized soil, 
crushed limestone, gravel stone; and additional base course materials such as Recycled Asphalt 
Pavement (RAP). The test materials were provided by LTRC personnel, and transported mainly 
from the Pavement Research Facility (PRF) stockpiles. Table 3.1 lists the samples prepared for 
this research and the number of locations tested with each device on each sample. 
The results of sieve analysis results for granular materials used in the research are 
summarized in Table 3.2. The optimum moisture content, maximum dry density and 
classifications for granular materials are also presented in Table 3.2. Gravel Stone was found to 
be very poorly graded with 96% of particles retained on sieve No.4 (4.75mm). In order to be able 
to compact and test the material the stone was modified by adding clay, which was readily 
available in the laboratory. The modified stone was 40% clay and 60% original stone. The 
mechanical analysis for the modified material, which suits for sand clay gravel base course 
definition, is included in the Table 3.2. Another modified material, due to difficulty in 
compaction, is the limestone. Although the limestone is classified as well graded according to 
mechanical analysis, the prepared specimen was non-uniform and had zero stiffness readings 
with the geogauge. 
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Table 3.1 Prepared layers and number of test locations for each sample 
SAMPLE ID 
 
Time 
(day) 
 
Water 
Content 
(%) 
Dry 
Density 
(t/m3) 
GG LFWD DCP PLT 
Clay-1  11.0 1.800 7 3 2 1 
Clay-2  12.5 1.911 7 3 2 1 
Clay-3  14.6 1.697 7 4 2 1 
Clay-4  13.9 1.894 7 4 2 1 
Clay-5  9.5 1.548 7 4 2 1 
Clay-6  9.4 1.722 7 5 2 1 
Clay-7  13.3 1.779 7 7 2 1 
Clay-8  9.8 1.516 6 4 1 1 
Clay-9  11.8 1.728 6 4 1 1 
0 7 6 1 1 
4 5 4 - - 
7 7 6 1 - 
11 6 5 - - 
2% cement + Clay 
13 
15.4 1.653 
7 6 1 1 
1 10 7 2 1 
6 6 6 1 - 
14 7 7 1 1 
4% cement + Clay 
20 
14.5 1.743 
6 5 1 - 
Sand clay gravel B.C.  7.6 1.984 6 6 2 1 
Lime Stone  6.1 1.970 5 4 2 1 
Crushed Lime Stone  3.2 2.000 5 3 2 1 
Recycled Asphalt Pav..  13.3 1.749 5 4 2 1 
Clayey Silt-1 (opt.)  19.0 1.644 5 4 1 1 
Clayey Silt-2 (dry)  15.4 1.625 5 5 2 1 
Clayey Silt-3 (wet)  20.1 1.626 5 5 2 1 
Sand-1  2.0 1.807 7 4 2 1 
Sand-2  2.5 1.660 9 6 2 1 
Sand-3  2.2 1.648 5 5 2 1 
 
 It was observed that fine particles were accumulated at the top after compaction. It may 
be due to inadequate cohesion of the material, due to water content or due to the method of 
compaction. The limestone was again modified by adding clay soil, which was readily available. 
The modified material consists of 10% clay and 90% limestone. The mechanical analysis of the 
modified material is included in Table 3.2. Physical properties and soil classifications for fine 
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grained materials are given in Table 2.3. Proctor curves for fine grained materials are provided in 
Figure 3.1. 
Table 3.2 Gradations (percent passing) and classifications for coarse grained materials 
SIEVE # 
SAND CLAY 
GRAVEL BC LIMESTONE  
CRUSHED 
LIMESTONE 
RECYCLED 
ASPHALT 
PAVEMENT 
SAND 
2 1/2 100 100 100 100 100 
2     100 100 100 96.56 100 
1 1/2 100 100 100 95.98 100 
1 1/4 100 98.44 98.87 94.29 100 
1     97.1 94.26 96.62 92.68 100 
 3/4 87 83.80 87.95 89.12 100 
 5/8 76.1 78.45 82.23 85.87 100 
 1/2 64.6 72.21 75.99 80.81 100 
 3/8 49.6 65.60 67.5 71.37 100 
No.4 41.8 52.70 50.4 51.81 99.05 
No.8 40.03 33.70 36.33 36.54 95.82 
No.16 39.87 30.63 33.46 33.97 89.41 
No.20 39.45 24.47 26.31 27.14  - 
No.30 38.24 20.28 19.61 19.3 68.54 
No.40 37.2 18.52 17.06 13.91  - 
No.50 36.3 17.11 15.03 9.75 10.49 
No.80 35.54 16.44 13.39 4.98 -  
No.100 33.91 15.30 12.49 3.13 0.56 
No.200 24.96 12.90 10.61 0.45 0.17 
CU - 25.7 150.0 21.0 1.7 
CC - 2.3 2.9 0.4 0.98 
AASHTO A-2-6 A-1-a A-1-a A-1-a A-3 
USCS GC GC GW GP SP 
wopt (%) 7.4 5.9 3.2 8.6 4.2 
?max  (pcf) - 138.7 124.8 117.1 107.9 
Table 3.3 Classification of the fine grained materials used in the investigation 
Soil ID Liquid limit 
Plasticity 
Index 
Sand 
%  
Silt 
%  
Clay 
%  
?max  
(t/m3) 
wopt 
(%) AASHTO USCS 
Clayey 
Silt 27 6 9 72 19 1.667 18.6 A-4 CL-ML 
Clay 31 15 35 37 28 1.888 13.1 A-6 CL 
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(a) 
 
 
(b) 
Figure 3.1 Proctor curves for (a) clayey silt, and (b) clay soils 
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3.2 TEST LAYER PREPARATION 
Samples were prepared and tested at the LTRC laboratory. Two test boxes (5 ft length x 3 
ft width and 2 ft depth) were used to prepare the test cases and perform the tests (Figure 3.2). All 
samples were prepared on top of 12 inch compacted clay layer, which served as a subgrade layer 
and this layer remained inside the box during the whole testing program.  All samples were 
compacted to a total depth of 16 inches in two lifts, which is adequate depth to accomplish 
influence zone of the test devices. Procedure for test layer preparation was different for fine 
grained (clay and clayey silt) compared to the coarse grained materials.  
 
Figure 3.2 One of the two LTRC test boxes used for test case preparation 
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3.2.1 Fine Grained Materials Preparation 
 Clay (PI=15) and clayey silt (PI=6) soils from the PRF site stockpiles were tested at 
different moisture contents and densities (Table 3.1). The optimum moisture content was 
determined first for each soil, using the standard proctor test. The optimum moisture content was 
found to be 13.1% for clay soil and 18.6% for clayey silt soil (Table 3.3, Figure 3.1). One test 
layer for each soil type was prepared at the optimum moisture content and maximum dry density. 
The other test layers were prepared and tested, either at the dry-of or at the wet-of optimum 
moisture contents. Clay soil layers were tested at nine different moisture contents with varying 
densities; while the clayey silt soil layers were tested at three different moisture contents as 
shown in Table 3.1.    
In order to obtain the desired moisture content of the test cases, clays and silty clays were 
first dried in the oven. Then the dry soil was crushed, pulverized and mixed with water by hand 
to ensure that a homogeneous soil layer is prepared at the desired moisture content (Figure 3.3). 
 A similar procedure was followed in the preparation of cement-stabilized soil base 
layers, except for adding cement to the pulverized clay prior to mixing with water. Cement-
stabilized soil layers were prepared at two different cement ratios (2% and 4% by weight) and 
tested over a period of time (1 day, 1 week, 2 weeks, and 3 weeks). Since the DCP, the nuclear 
density gauge and especially the PLT cause local destruction to the cement-soil layers, they were 
performed bi-weekly. Strength/stiffness behavior of cement-soil layers with time was measured 
with different devices. 
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(a) 
 
(b) 
Figure 3.3 (a) Crusher and pulverizer, and (b) mixing the pulverized soil with water 
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3.2.2 Coarse Grained Materials Preparation 
 Moisture content of granular materials does not affect their strength as much as it does 
for the fine grained soils. Therefore, the coarse grained test layers including crushed limestone, 
sand clay gravel base course, recycled asphalt pavement and sand were prepared without 
modifying their current moisture contents. These materials were directly filled into the test boxes 
and mixed while pouring to ensure that the samples have uniform moisture content. Similar to 
other samples, the granular materials were compacted in two 8 in thick layers.  
  Classifications for these materials were available since the materials were used for 
previous projects at the LTRC, but gradations were repeated due to the possibility of segregation 
during transportation. Testing procedure was the same as the testing of fine grained soils, but for 
granular materials base layers were prepared and tested at single moisture content. 
3.3 TESTING PROGRAM   
 It is important to have uniform moisture content and uniform compaction effort in the 
box since several readings were taken at different locations of the layer. However, it was not 
easy to have the same compaction effort in the box, which causes a variation in the results for the 
test layers.  Two compactors were available to compact the soils in the boxes. The small 
compactor (Bosch) is easy to operate but is not adequate to achieve the desired density. Another 
disadvantage is that it has a small plate size, that requires more time to compact the samples, and 
it is likely that the operator will have a difficulty in maintaining an even surface. The Wacker 
Packer compactor is more powerful with a larger plate, but it is not easy to control compaction 
and it needs a strong and experienced operator. Therefore, a technician from the LTRC 
geotechnical laboratory conducted the compaction of all layers inside the boxes. Soil and base 
layers were compacted in two 8 inch thick lifts. In order to reduce the effect of a possible non-
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homogeneity of the sample, readings are concentrated around the center of the box. Conducting 
the tests around the center of the box was also advised as a result of a previous boundary 
conditions study conducted at the LTRC. Based on that study, it was found that the minimum 
distance between the side of the LFWD loading plate and the side of the box to be 6 inches. The 
distance of the geogauge and the DCP tests from the boundary of the test box were more than 7 
inches for all tests of this project. 
 Test sequence is important since some of the tests were minimally invasive such as DCP 
and nuclear density gauge. The DCP and the Nuclear Gauge create a hole for each tested layer in 
the sample which leaves less room for conducting the Geogauge and LFWD tests. The LFWD is 
also a non-destructive testing device, but the testing procedure involves dropping a 10 kg weight 
freely onto the loading plate that might cause additional compaction for the sample. The testing 
program in the boxes were designed to start first with the geogauge measurements, followed by 
LFWD tests, and finally, the DCP test, nuclear gauge readings and PLT were conducted. 
3.3.1 Geogauge Test 
 Testing with the geogauge is quite simple and needs one operator. Each test takes about 
one minute. The proper seating of the geogauge is vital for reliable readings. Sand-coupling layer 
was placed between the geogauge and the surface to be tested as suggested by the manufacturer 
(Figure 3.4). Recommended operational procedures by the manufacturer were followed with the 
geogauge (Humboldt 2000c), which is described in Appendix A. For each sample, geogauge 
stiffness modulus (EG) readings were taken at several locations (Table 3.1), which are 
concentrated at the center of the box. At least two reliable readings were taken for each location. 
All readings were recorded with a sketch of the location of data points (Figure 3.5).    
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Figure 3.4 The geogauge device and the use of sand for proper seating 
3.3.2 LFWD Test 
 Light Falling Weight Deflectometer test is conducted by releasing a 10 kg hammer from 
a certain height. Impact load imposed to the plate is measured by a load cell and the resulting 
deflection is measured by a geophone sensor mounted at the bottom of the plate. The Prima 100 
model manufactured by Carl Bro Pavement Consultants (Denmark) is used in this study.  It is 
possible to operate the LFWD by one person, but it is recommended to have two people to 
conduct the test. Since the testing requires connecting the LFWD to a portable PC, where the 
result of each reading is displayed with the software provided by the manufacturer (Figure 3.6). 
Before dropping the weight to take the readings, the software must indicate that it is ready for 
testing. With every little movement of the LFWD the software changes from ready state to not 
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ready state. In this project, the LFWD tests were conducted by two people; one for operating the 
device and one for resetting the software and recording the data for each drop (Figure 3.7a).  
As with the case of geogauge, a proper seating of the LFWD plate on the surface is 
necessary. If the surface is not leveled, the plate will not be in a good contact with surface. As a 
result, when the weight drops and bounces from the plate it will cause the LFWD to shake and 
move. In such case the software may or may not display a result, but the test should be repeated 
in this case because the measured deflection by the geophone is misleading and inaccurate. 
 Light Falling Weight Deflectometer readings were taken after completing the geogauge 
tests. For each layer, the LFWD measurements were taken at several locations (Table 3.1), which 
are concentrated around the center of the box,  at the same spots as the geogauge readings were 
taken (Figure 3.5). At least three readings were taken at the same location to provide a single 
modulus value as recommended by the manufacturer. The first one or two readings were not 
included in any calculation since they are intended to remove any bedding errors and to ensure 
full contact of the plate with the surface. The displayed dynamic modulus  (ELFWD) values for 
each test were recorded with a sketch of testing locations (Figure 3.5).  
3.3.3 DCP Test 
 Dynamic Cone Penetrometer tests were conducted after the completing of both the 
geogauge and LFWD tests due to relatively some destructive nature of the test. Tests involve 
raising and dropping the hammer to drive the cone through the tested materials (Figure 3.7b). 
Penetration depths of the cone were recorded after each blow or every two blows, depending on 
the resistance of the tested material. In this investigation DCP penetrations of up to 16 inches 
depth were recorded, which is the depth of the compacted samples. Each test took approximately 
10 minutes. Dimensions of a typical DCP device was provided in Section 2.2.1. 
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Figure 3.5 Layout of the geogauge and the light falling weight deflectometer tests 
 
 
Figure 3.6 Displayed LFWD test result 
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        (a)                     (b) 
Figure 3.7 (a) LFWD device,  and (b) DCP device  
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All DCP tests were performed by two operators. One person operated the hammer, while 
the other person reads and records the penetrations. Before each test, the tip of the ruler used to 
measure the penetrations was placed to a marked reference point on the surface which is about 
15 cm to the penetration point. The person who took the readings was responsible to ensure that 
the ruler was kept parallel to the penetrating rod while taking measurements (Fig 3.7b).  
Friction between the rod and the tested material has negative effects on the results. In 
order to minimize the friction of the rod with surrounding soil, the DCP must be kept vertical 
during penetration. If the DCP deviates from vertical position and operator continues to test, the 
device might be damaged and the results obtained for that test will not be reliable.  
Removing the DCP after the test is completed may be difficult for certain soils. Striking 
the hammer gently against the handle is an effective method but striking forcefully may damage 
the DCP. For testing of stiff soils, disposable cones were preferred over standard cones in order 
to eliminate the difficulty in retrieving the device from the soil. Disposable cones are designed 
for one time use. They mount on an adapter which is screwed into the penetration rod to replace 
the standard cone. At the end of the test, the disposable cone slides off the cone adapter, allowing 
the operator to easily remove the rod from the soil with minimum effort.  
Two DCP tests were performed for most of the prepared layers. In order to minimally 
disturb the samples, one DCP test was conducted at each time for cement-soil and florolite 
layers. The two points were selected from front and back halves of the soil surface, away from 
the middle of the sample since the plate load tests had to be conducted at the center of the box 
(Figure 3.8).  
An example profile of DCP test result is illustrated in Figure 3.9 which shows that that 
the two DCP readings are very repeatable. It also suggests that the sample has uniform strength 
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at different locations with the same depth. The average penetration rate for the sample was 13 
mm/blow. However the test results indicate relatively weaker layer from 250 mm to 325 mm 
depth (~ 20 mm/blow), which is still within the limiting DCP penetration rates for clay/silt 
subgrades as suggested by MNDOT. 
 
Figure 3.8 Layout of the DCP test, PLT and the nuclear density gauge readings 
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Figure 3.9 Sample profiles of DCP tests 
3.3.4 Plate Loading Test 
 The plate loading test (PLT) is a well-known method of estimating the bearing capacity 
of soils and evaluating the strength of flexible pavement systems. The test has been somewhat 
discredited due to its destructive nature and time consuming testing procedure. The results of the 
plate load test apply to a depth of about 1.5-2.0 times the diameter of the plate on compressible 
soils. Round plates with 8 and 10 inches in diameter were used during the research. The 10 inch 
in diameter plate was preferred in order to have enough loading increments, especially for cases 
where the test layer cannot handle high stresses.   
The PLT was used as a reference test to obtain the strength characteristics of the layers. 
One test for each test case was conducted. A loading frame, that was designed to fit to the boxes, 
was used as a support for the Plate Load Test. 
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 Bearing plate of the selected diameter, dial gauges capable of recording a maximum 
deformation of 1 in with 0.001 in resolution, and the hydraulic jack were carefully placed at the 
center of the samples under the loading frame (Figure 3.10). The hydraulic jack that was used for 
loading the plate have a resolution of 0.5 tons. ASTM-D1196 method was followed to perform 
the plate load test. Plate diameter, applied load increments and the corresponding deflections 
were recorded for each load increment. Each increment of load was maintained until the rate of 
deflection became less than 0.001 inch/min for three consecutive minutes. Each sample was 
loaded up to failure or until load capacity of the loading frame has been reached. Each sample 
was unloaded and reloaded at least once in order to be able to determine the reloading modulus 
of the samples in addition to the initial loading modulus. 
 
 
Figure 3.10 Plate load test setup 
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 Settlement of the plate for each load increment was recorded during the test. These values 
are then used to plot load settlement relationship as presented in Figure 3.11. The elastic 
modulus is estimated from the plate load test using the following Equation:  
  
             (3.1) 
Where, 
 EPLT  = The elastic modulus 
 ? = The Poisson’s ratio 
 P = The applied load 
d = Plate deflection 
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Figure 3.11 Plate load test results 
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 A tangent was drawn to the initial portion of the curve to determine the load and 
corresponding settlement that will be used in Equation 3.1 in order to obtain the initial modulus  
(EPLT(i)) of the test layer. Reloading lines were drawn from the beginning of reloading portion of 
the curve to the point where reloading portion of the curve reaches to the load, where unloading 
was started. Reloading modulus (EPLT(R2)) is calculated with the load and corresponding change 
in the settlement that is obtained from the reloading line in the second cycle, using Equation 3.1.     
3.3.5 Nuclear Density Gauge   
Troxler nuclear density gauge was used to determine both density and moisture content 
of the tested layers. LTRC technicians, who are certified to use the nuclear device, took all 
nuclear gauge readings. Nuclear density readings were taken after the completion of other tests 
due to minimally invasive of this device. Density and moisture contents of the tested layers were 
recorded for 4 in, 8 in and 12 in depths from the surface. Two sets of readings were taken from 
front and back halves of the test boxes. 
3.3.6 California Bearing Ratio Test 
 The California Bearing Ratio (CBR) test is commonly used to obtain an indication of the 
strength of a subgrade soil, subbase, and base course material for use in pavements. The CBR for 
a soil is the ratio obtained by dividing the penetration stress required to cause a 3 in2 piston to 
penetrate 0.10 inch into the soil by a standard penetration stress of 1000 psi. The standard 
penetration stress is the stress required for 0.10 inch penetration of the same piston into a mass of 
crushed rock. Basically the CBR is a strength index which compares tested material to crushed 
rock. 
ASTM D1883 method was followed to perform the CBR tests. CBR samples 
representing the materials tested in the boxes were prepared according to the moisture content 
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measured using the nuclear density gauge. Standard mold with 6 in diameter and 7 in height was 
used for preparation. Since it is not possible to prepare samples with the exact same density 
measured using the nuclear density gauge; at least four samples with different compaction levels 
were prepared with the some required moisture content. Specimens were compacted at five 
layers. An automatic compactor with a 5 lbs hammer was used. Typical number of blows per 
layer is 10, 25, 56, and 75. The dry density was obtained for each CBR sample. Unsoaked CBR 
values were obtained for each compaction level and plotted versus the molded dry density 
values. The CBR value corresponding to the  specific dry density of the represented material was 
then obtained by interpolation (Figure 3.12).  
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 Figure 3.12 Determination of CBR for desired dry unit weight 
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CHAPTER 4 
 RESULTS AND ANALYSIS OF EXPERIMENTS 
4.1 RESULTS OF EXPERIMENTS 
4.1.1 The Geogauge Results 
The geogauge stiffness moduli for each test case are summarized in Table 4.1 with their 
corresponding standard deviation and coefficient of variation (CV) for each test case. As 
mentioned in Chapter 2, the Geogauge measures the modulus assuming a Poisson’s ratio of 0.35 
for all types of soil. The data presented in this chapter were corrected by using the suitable 
Poisson’s ratio for each sample, as presented in Table 4.1. Uncorrected data for all tests that were 
conducted during the research is included in Appendix B through Appendix F. For each test case 
the Geogauge tests were conducted at several locations which are concentrated at the center of 
the test box. Several modulus readings were recorded and averaged to get a single stiffness 
modulus value for each location on the test layer. The mean of successful tests which represent 
the stiffness modulus of each location was then averaged to obtain the representative geogauge 
stiffness moduli of each test layer. Standard deviations of modulus values for different test 
locations that are presented in Appendixes are also corrected for Poisson’s ratio variations and 
summarized in Table 4.1 together with the respresentative geogauge stiffness modulus values for 
each test layer.  The lowest of CV was obtained for sand layer and highest CV was obtained for 
cement-soil layers. The average CV during the testing program with the Geogauge device was 
found to be 12.5%.  
A total of twenty eight layers were tested in which each one was represented by the 
average geogauge stiffness modulus value (EG). Maximum geogauge stiffness modulus value 
was obtained after 11 days for 2% cement soil, which is 291.7 MPa. The minimum geogauge 
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modulus value was obtained for clayey silt-3 (w.c = 20.1%), which is 16.3 MPa. Although 16.3 
MPa is below the measurement range of the geogauge as presented in the Geogauge User Guide 
Version 3.8, which is from 26.2 MPa to 610 MPa; the geogauge readings for the clayey silt-3 
layer were consistent and all were below the range. It was also observed that including this data 
in the analysis improves the correlations which will be presented in Section 3.2.1.  
The geogauge values for different type of materials as given in Table 4.1 were considered as one 
data set in the analysis. Possible correlations of the geogauge modulus with the Plate Load Test, 
Dynamic Cone Penetrometer and California Bearing Ratio test results were investigated and will 
be presented later in this chapter. Dividing the data  set into  several soil  groups  would lead to 
insufficient number of data and would decrease the reliability of correlations even if there are 
any individual correlations for each type of material. 
 In Table 4.1 and through the rest of the chapter, the layers are grouped into five 
types for simplicity. The first group is the clay soil layers; the second group is the cement-soil 
layers, which may be denoted as CC2, CC4 (2%, 4% percent cement by weight, respectively) or 
CC (all of the cement-soil layers) through the text; the third group is the coarse grained material 
(stone) which can be denoted as ST; the fourth group is clayey silt layers, which can be denoted 
as CS; and the fifth group is the sand layers. Table 4.2 lists a summarized descriptive statistics of 
geogauge modulus values for each group of layer.   
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Table 4.1 Geogauge Test Results  
SAMPLE ID 
Time 
(day) 
Poisson’s 
Ratio 
Geogauge 
Stiffness Modulus 
(MPa) 
Std. 
Deviation 
(MPa) 
CV 
(%) 
Clay 1  0.3 173.3 15.5 8.9 
Clay 2  0.3 179.4 19.8 11.1 
Clay 3  0.4 136.7 13.2 9.7 
Clay 4  0.3 154.1 13.5 8.7 
Clay 5  0.4 80.0 4.6 5.7 
Clay 6  0.25 240.8 20.6 8.6 
Clay 7  0.3 162.3 34.1 21.0 
Clay 8  0.4 68.2 6.4 9.4 
Clay 9  0.3 162.3 30.4 18.7 
0 240.6 20.4 8.5 
4 266.2 24.5 9.2 
7 282.3 30.3 10.7 
11 291.7 40.5 13.9 
2%Cem+Clay 
13 
0.25 
267.2 28.8 10.8 
1 186.4 46.3 24.8 
6 222.2 63.7 28.7 
14 251.0 97.4 38.8 
4%Cem+Clay 
20 
0.25 
218.5 68.1 31.2 
Sand clay gravel B.C.  0.35 217.1 20.4 9.4 
Limestone  0.35 155.3 4.9 3.1 
Crushed Lime S.  0.35 124.7 9.5 7.6 
RAP  0.35 98.3 3.7 3.8 
Clayey Silt-1 (opt.)  0.4 56.4 8.7 15.5 
Clayey Silt-2 (dry)  0.4 67.0 2.9 4.3 
Clayey Silt-3 (wet)  0.4 16.3 1.9 11.4 
Sand-1  0.3 56.4 4.8 8.5 
Sand-2  0.3 49.7 2.7 5.4 
Sand-3  0.3 49.7 1.1 2.3 
    Average 
CV (%) 
12.5 
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Table 4.2 Descriptive Statistics of the Geogauge Results 
GEOGAUGE 
MODULUS (MPa) 
Number 
of tests 
Mean 
value 
(MPa) 
Min. 
value 
(MPa)  
Max. 
value 
(MPa) 
Lower 
CL*.(90%) 
Upper 
CL*.(90%) 
Clay 9 150.8 68.2 240.8 118.5 183.1 
Cement-soil 9 247.3 186.4 291.7 226.4 268.3 
Stones 4 148.8 98.3 217.1 88.7 209.0 
Clayey Silt 3 46.6 16.3 67.0 1.5 91.6 
Sand 3 51.9 49.7 56.4 45.4 58.5 
ALL 
28 159.7 16.3 291.7 133.2 186.3 
 * CL: Confidence Limit 
 
4.1.2 The Light Falling Weight Deflectometer (LFWD) Results 
 The LFWD dynamic modulus values for all test layers are summarized in Table 4.3 with 
their corresponding standard deviation and coefficient of variation (CV) values for each layer. 
There are total of twenty eight test cases and each case was represented by an average LFWD 
dynamic modulus value. However, the LFWD data for clay-2 layer is questionable and will be 
excluded from the data and discussion. The LFWD dynamic modulus readings for clay-2 layer 
were highly inconsistent and ranged from 400 MPa to 700 MPa, which is also too high compared 
to strength results obtained from other tests.  After excluding the LFWD value for Clay 2 layer 
from analysis ; the maximum LFWD modulus value was obtained for 20 day old CC2 layer, 
which was 541.6 MPa. The minimum LFWD modulus value was obtained for sand-1 layer, 
which was 18.0 MPa. Table 4.4 is a summarized descriptive statistics of LFWD modulus values 
for each group of layer.  The highest average LFWD modulus is obtained for cement treated clay 
layers. The highest coefficient of variation was obtained for sand layers which goes up to 55.8% 
for sand-1 layer.   
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Table 4.3 LFWD test results 
LAYER ID 
Time 
(day) LFWD (MPa) 
Std. 
Deviation 
(MPa) 
CV (%) 
Clay 1  182.3 19.0 10.4 
Clay 2  - - - 
Clay 3  52.5 10.3 19.7 
Clay 4  134.9 63.0 46.7 
Clay 5  48.6 9.4 19.4 
Clay 6  314.9 39.5 12.5 
Clay 7  228.6 72.3 33.5 
Clay 8  34.2 0.8 2.4 
Clay 9  171.4 2.0 1.2 
0 294.2 112.9 38.4 
4 412.2 53.8 13.0 
7 442.7 61.7 13.9 
11 435.9 54.1 12.4 
2%Cem+Clay 
13 412.4 98.0 23.8 
1 500.0 94.7 18.9 
6 530.6 79.7 15.0 
14 477.5 236.4 49.5 
4%Cem+Clay 
20 541.6 160.3 29.6 
Sand clay gravel B.C.  300.4 92.2 30.7 
Lime Stone  74.4 12.7 17.2 
Crushed Lime S.  131.2 3.9 3.0 
RAP  138.3 33.9 24.5 
Clayey Silt-1 (opt.)  31.4 4.4 13.9 
Clayey Silt-2 (dry)  49.8 8.5 17.1 
Clayey Silt-3 (wet)   28.5 13.2 46.3 
Sand-1   18.0 5.7 55.8 
Sand-2   40.7 3.8 13.9 
Sand-3   20.6 5.3 27.6 
   Average CV (%) 23.1 
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Table 4.4 Descriptive Statistics of the LFWD Results 
LFWD DYNAMIC 
MODULUS (MPa) 
Number 
of tests 
Mean 
value 
(MPa) 
Min. 
value 
(MPa)  
Max. 
value 
(MPa) 
Lower 
CL*.(90%) 
Upper 
CL*.(90%) 
Clay 8 145.9 34.2 314.9 79.8 212.0 
Cement + Clay 9 449.7 294.7 541.6 402.9 496.4 
Stones 4 161.1 74.4 300.4 46.7 275.4 
Clayey Silt 3 36.6 28.5 49.8 17.1 56.1 
Sand 3 26.4 18.0 40.7 5.5 47.4 
ALL 27 224.0 18.0 541.6 163.3 284.7 
 *CL: Confidence Limit 
4.1.3 The Dynamic Cone Penetrometer (DCP) Results 
 The DCP penetration rates (mm/blow) representing each tested layer were calculated at 8 
inch and 12 inch depths and are listed in Table 4.5. The reason for averaging the DCP readings at 
two different depths is to use the appropriate average Penetration Rate (PR) when correlating the 
DCP with other devices. Since it is known that the influence depth of the Geogauge is only about 
8 to 9 inches, therefore the average PR values for 8 inches depth are used to correlate the DCP-
PR with values. However, the average PR values for 12 inch depth are used to correlate with 
PLT and LFWD. DCP tests were conducted on twenty six test cases. The reason for not 
conducting the DCP tests in 4 and 11 days old for CC2 layers is to minimize the destruction of 
the layers without having additional holes and cracks due to DCP tests.   
4.1.4 The Plate Load Test and CBR Results 
 The plate load and the CBR test results are given in Table 4.6. The CBR equations that 
were used to obtain the CBR valued at desired density for each test case are included in 
Appendix B through F. Both PLT and CBR tests are considered reliable tests that have long 
history in soil strength determination. In base layers that were tested with time, the plate load 
tests were limited by two for each cement content due to the destructive nature of the test and the   
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Table 4.5 DCP test results 
LAYER ID 
Time 
(day) 
DCP - 8 inch 
(mm/blow)          
DCP - 12 inch 
(mm/blow)          
 Clay 1   12.0 13.3 
 Clay 2   16.7 19.0 
 Clay 3   41.5 32.8 
 Clay 4   36.1 28.8 
 Clay 5   18.4 11.2 
 Clay 6   10.6 9.2 
 Clay 7   22.5 23.5 
 Clay 8   30.7 33.1 
 Clay 9   8.4 9.6 
0 13.8 11.8 
4 -  - 
7 10.5 9.8 
11 - - 
2%Cem+Clay 
13 8.3 7.4 
1 6.4 5.9 
6 5.0 4.8 
14 4.4 4.3 
4%Cem+Clay 
20 4.0 3.7 
Sand clay gravel B.C.   7.5 7.5 
Lime Stone   13.7 12.1 
Crushed Lime S.   8.8 7.2 
RAP   9.0 8.4 
Clayey Silt-1 (opt.)   26.1 25.5 
Clayey Silt-2 (dry)   18.8 17.6 
Clayey Silt-3 (wet)   49.3 46.5 
Sand-1   25.5 20.9 
Sand-2   27.4 24.7 
Sand-3   61.0 53.4 
 
space limitation of the test boxes. The total number of plate load tests that were conducted in the 
research are twenty three tests. 
 The CBR experiments were conducted on all materials except for cement-soil layers. The 
main reason for not conducting CBR test for cement-soil is the fact that the results of cement-
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stabilized clay soils are less reliable due to possible disturbance in layers over time. The total 
number of CBR tests that were conducted in the research is nineteen, each with three or four 
different compaction efforts in order to obtain the CBR value for the desired density. 
Table 4.6 Plate Load Test and CBR test results 
LAYER ID Time (day) E PLT(i) (MPa) 
E PLT(R2) 
(MPa) CBR (%) 
Clay 1  143.4 80.5 24.2 
Clay 2  75.3 89.4 25.5 
Clay 3  40.6 36.4 8.0 
Clay 4  62.7 42.6 12.2 
Clay 5  42.1 40.4 10.5 
Clay 6  228.1 173.1 19.6 
Clay 7  87.1 58.7 9.7 
Clay 8  39.7 30.3 12.0 
Clay 9  91.8 113.7 18.7 
0 329.1 129.3  
4    
7    
11    
2%Cem+Clay 
13 546.7 250.4  
1 375.3 481.0  
6    
14 454.6 649.8  
4%Cem+Clay 
20    
Sand clay gravel B.C.  268.9 217.2 19.0 
Limestone  133.5 79.6 28.3 
Crushed Limestone  121.0 123.2 45.2 
RAP  93.8 95.0 10.5 
Clayey Silt-1 (opt.)  67.6 24.3 4.6 
Clayey Silt-2 (dry)  45.1 25.5 10.6 
Clayey Silt-3 (wet)  6.8 8.4 1.9 
Sand-1  37.6 48.0 15.7 
Sand-2  33.0 51.9 4.4 
Sand-3  53.8 34.2 3.5 
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4.2 ANALYSIS OF LABORATORY RESULTS 
4.2.1 Analysis of the Cement-soil 
 Analyzing the data for the cement-stabilized clay with special attention was necessary in 
order to monitor the improvement in the strength of these layers over time. Figure 4.1 presents 
the change in the Geogauge stiffness modulus, EG, with time for the cement-soil layers. In this 
figure, one can realize that the Geogauge was able to detect an increase in stiffness with time for 
2% CC and 4% CC. A decrease in the Geogauge stiffness modulus was observed after 11 and 14 
days for 2% CC and 4% CC layers, respectively. The reason for these results (Figure 4.1) is most 
likely due to the presence of minor shrinkage  cracks in cement-soil layers. The cement stabilized 
clay layers were more brittle than the  other materials tested during this research program. With 
the increasing percentage of cement ratio, cement-soils were observed to be more brittle in 
nature. The presence of minor cracks due to shrinkage of cement-soil with time also lowers the 
Geogauge stiffness modulus values and also decreases the uniformity of the test layer.   
 As illustrated in Figure 4.2, the DCP average Penetration Rates for CC layers decreased 
with time which supports the fact that the cement treated clay layers gain strength with time. 
This figure is based on the average PR of 8 inch depths. The DCP average PR’s for the cement 
soil suggests the lower stiffness for 2% CC layer than the 4% CC layer, which do not support the 
Geogauge results for these test cases. DCP device has a small diameter and the test results are 
not affected by the presence of cracks like in the case of Geogauge stiffness modulus results.   
    The LFWD dynamic modulus, ELFWD, values with time for cement-soil and florolite 
layers are presented in Figure 4.3. In accordance with the DCP results, this figure indicates that 
the 2% cement has the lower dynamic modulus than the 4% cement soil. However, there is no 
clear increase in ELFWD with time for 4% CC layer. This is mainly due to high standard deviation 
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of the measurements as presented by the error bars in Figure 4.3. The highest ELFWD was 
obtained for the 4% cement-soil layer. This is in accordance with the PLT results, where the 
highest value of E(i) and E(R2) are obtained for 4% cement-soil layer (Table 4.6). The results that 
are discussed above suggest that the Geogauge is very sensitive to cracks tha t are usually close to 
surface. The LFWD and PLT results are not affected by the presence of the cracks as much as 
the Geogauge stiffness modulus values. The cracks have no or minimal effect on the DCP test 
results due to small diameter of the device.  
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Figure 4.1 EG with time for cement-soil  
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Figure 4.2 DCP average PR (8 inch) with time for cement-soil  
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Figure 4.3 ELFWD with time for cement-soil  
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4.2.2 The Geogauge Correlations  
4.2.2.1 Geogauge versus Plate Load Test 
 Both the Geogauge stiffness modulus (EG) and the initial (EPLT(i)) and the reloading 
(EPLT(R2)) moduli obtained from the plate load test data presented in this chapter are measures of 
layer stiffness in MPa. Therefore, a correlation between the geogauge and the plate load test 
results can be expected. A strong correlation between the soil modulus values obtained by these 
two methods can increase the credibility of the geogauge for future use. 
 Two possible correlations between the geogauge and the plate load test were investigated. 
These correlations are between the Geogauge stiffness modulus (EG) and both the PLT initial 
modulus (EPLT(i)) and the PLT reloading modulus  (EPLT(R2)). The methodology for calculating the 
initial and the reloading moduli was explained in Section 3.3.4. 
 Figure 4.4 demonstrates the suggested correlation between the Geogauge stiffness 
modulus (EG) and the initial PLT modulus (EPLT(i)) obtained from the plate load test data. The  
figure includes data from all layers. Although the measurement range for the geogauge is up to 
610 MPa according to the technical specifications of the geogauge (Humboldt, 2000c), the 
suggested correlation (Equation 4.1) between the Geogauge stiffness modulus (EG) and the initial 
PLT modulus (EPLT(i)) will estimate very high EPLT(i) values for Geogauge stiffness modulus 
higher than 300 MPa. The correlation is recommended for EG values between 0-300 MPa, since 
it is the range of data used to develop the correlation. 
  EPLT(i) = 15.5*e0.013(EG)  (R2 = 0.830)     (4.1) 
 The suggested correlation between the Geogauge stiffness modulus, EG, and the reloading 
modulus, EPLT(R2), obtained from the plate load test data is presented in Figure 4.5. 
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Figure 4.4 Correlation between EG and the EPLT(i)   
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Figure 4.5 Correlation between EG and the EPLT(R2)  
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 The same methodology was applied for obtaining the correlation between the EG and 
EPLT(R2) similar to the correlation between the EG and EPLT(i). Again the suggested correlation 
between the EG and EPLT (R2) is an exponential relation as given in Equation 4.2. 
 EPLT(R2) = 15.8*e0.011(EG)  (R2 = 0.690)     (4.2) 
 
4.2.2.2 Geogauge versus Dynamic Cone Penetrometer 
 It is known that the depth of measurement for the geogauge is about 8 to 9 inches; 
therefore the average DCP penetration rates up to 8 inches depth were used to investigate if there 
is any correlation between the Geogauge stiffness modulus values and average DCP penetration 
rates. Figure 4.6 demonstrates the correlation between the Geogauge  stiffness modulus and the 
Penetration Rate (PR) obtained from the Dynamic Cone Penetrometer: 
 EG = 755.2*(PR)-0.671  (R2 = 0.517)      (4.3) 
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Figure 4.6 Correlations between DCP penetration rate (mm/blow) and EG (MPa) with and 
without the Poisson’s ratio variation  
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 Figure 4.6 also demonstrates the effect of Poisson’s ratio variation on the results. An 
alternative correlation was developed using the uncorrected Geogauge stiffness modulus values 
which were calculated and displayed by the device using a default value of 0.35 as Poisson’s 
ratio for all materials. Since the difference between the corrected and the uncorrected values are 
not high; the correlations developed by either data are almost equal. However slightly higher R2 
value was obtained for corrected Geogauge data which are obtained by using appropriate 
Poisson’s ratio for each material as provided in Table 4.1 instead of assuming it constant (0.35).   
4.2.2.3 Geogauge versus California Bearing Ratio 
 The stiffness modulus values (EG) obtained from the Geogauge tests are plotted versus 
the California Bearing Ratio ’s (%) of corresponding material properties in Figure 4.7. The 
recommended correlation is a log- log relation as given in Equation 4.4, which seems to be the 
most appropriate correlation with an R2 value of 0.870. Analyzing the data separately for fine-
grained and coarse-grained materials didn’t improve the correlation that is presented below.  
 log (EG) = 1.277 + 0.675 log (CBR)  (R2 = 0.620)    (4.4) 
4.2.3 The LFWD Correlations  
4.2.3.1 LFWD versus Plate Load Test 
 In section 4.2.1, it was mentioned that the presence of minor cracks in cement-soil layers 
do not effect the results of LFWD and Plate Load Tests as much as in the case of Geogauge 
measurements. Therefore a better correlation of the LFWD dynamic modulus (ELFWD) and both   
the PLT initial elastic loading modulus (EPLT(i)) and the PLT reloading elastic modulus (EPLT(R2)) 
can be expected. Although the LFWD is a dynamic loading test which is different than static 
loading of bearing plate in PLT procedure, a good correlation between two tests will increase the 
credibility of the LFWD.    
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Figure 4.7 Correlation between Geogauge Stiffness Modulus (EG) and CBR (%) 
 The correlations of the LFWD dynamic modulus (MPa) with the PLT initial modulus  
(EPLT(i)) and the PLT reloading modulus (EPLT(R2)) are illustrated by Figures 4.8 & 4.9, 
respectively. In all the analysis, the Light Falling Weight Deflectometer data representing the 
Clay-2 layer was excluded since the LFWD dynamic modulus for this layer was too high 
compared to all other test results. The suggested correlation between the LFWD dynamic 
modulus (ELFWD) and the initial modulus obtained from the plate load test (EPLT(i)) is:  
 EPLT(i) = 0.907*(ELFWD) -1.8        (R2 = 0.844)       (4.5)  
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Figure 4.8 Correlation between ELFWD and the EPLT(i)  
 It can be seen that, as the LFWD modulus increases, the PLT initial elastic modulus also 
increases.  The difficulty in calculating the initial elastic modulus from the plate load test causes 
some of the data scatter. Another factor is the disturbance of the cement-soil layers over time. 
However the LFWD versus PLT correlations were not affected by the disturbance as much as in 
the geogauge case. The suggested correlation between the ELFWD and EPLT(R2) is the exponential 
relation given as: 
 EPLT(R2) = 28.25*e0.006(EG)  (R2 = 0.897)       (4.6) 
4.2.3.2 LFWD versus Dynamic Cone Penetrometer 
 The average DCP penetration rates of the top 12 inches depth were used to investigate a 
possible correlation between the LFWD dynamic modulus and the average DCP penetration 
rates. Figure 4.10 illustrates the suggested correlation between the LFWD dynamic modulus and 
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the average Penetration Rate (PR) obtained from the Dynamic Cone Penetrometer. It is an 
inverse correlation: 
 ELFWD = 2191/PR  (R2 = 0.716)      (4.7) 
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Figure 4.9 Correlation between ELFWD and the EPLT(R2)  
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Figure 4.10 DCP penetration rate (mm/blow) versus ELFWD (MPa) 
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4.2.3.3 LFWD versus California Bearing Ratio 
 The LFWD dynamic modulus values are compared with CBR values as shown in Figure 
4.11. There is no clear correlation between the LFWD dynamic modulus and the CBR (%), with 
wide scatter in the data as can be seen in this figure. The suggested correlation is a log-log 
relation as shown in Equation 4.8 with a low R2 value, which follows the trend better than the 
alternative correlations.   
 Log (E LFWD) = 1.149 + 0.702 log (CBR)     (R2 = 0.358)   (4.8) 
log (E LFWD) = 1.149 + 0.702 log (CBR)
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Figure 4.11 Correlation between LFWD dynamic modulus (ELFWD) and CBR (%) 
 
4.2.4 The Dynamic Cone Penetrometer Correlations  
4.2.4.1 DCP versus Plate Load Test  
 Several correlations between the average DCP penetration rate versus the PLT initial and 
reloading moduli (EPLT(i), EPLT(R2)) were investigated. The DCP has already proven to be an 
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effective tool for in-situ strength evaluation. A strong correlation between the DCP and the PLT 
will add power to credibility of both tests. The average DCP penetration rates for the top 12 
inches depth were used to investiga te a possible relation between the DCP penetration rates and 
the moduli obtained from PLT, (EPLT(i), EPLT(R2)). A best correlation between the average DCP 
penetration rates and EPLT(i) is presented in Figure 4.12 (Equation 4.9). Figure 4.13 shows that 
there is a better correlation (Equation 4.10) between the average DCP penetration rates and the 
PLT reloading modulus (EPLT(R2)) compared to the correlation with EPLT(i). 
 EPLT(i) = 7000/(6.1+ PR1.5)  (R2 = 0.619)      (4.9) 
 EPLT(R2) =2460*PR-1.285  (R2 = 0.766)               (4.10) 
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Figure 4.12 Correlation between average DCP penetration rate and EPLT(i) 
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4.2.4.2 DCP versus CBR 
 As presented in Section 2.2.3, the DCP penetration rate can be converted to equivalent 
CBR value for use as measure of stability and strength. The use of DCP test to predict the CBR 
is preferred because of its simplicity, inexpensiveness and enabling rapid measurements of in-
situ strength of pavement layers and subgrades. Several correlations developed between the DCP 
penetration rates and CBR values are available in literature (Section 2.2.3). One of the objectives 
of this research is to enhance the level of confidence of the DCP usage for CBR determination. 
The average DCP penetration rates of the top 12 inches depth were used to investigate the 
possible correlation between the DCP penetration rate and CBR value. As shown in Figure 4.17, 
the best fit between the DCP penetration rate and CBR value is a LOG-LOG correlation, which 
is similar to ones available in the literature:  
 Log CBR = 2.256 - 0.954 log PR  (R2 = 0.555)     (4.11) 
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Figure 4.13 Correlation between average DCP penetration rate and EPLT(R2) 
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4.2.4.3 Comparisons of DCP Correlations  
 DCP has a much longer history when compared to the Geogauge and the LFWD. 
Therefore, there are more correlations associated with DCP among the three nondestructive tests, 
as presented in Chapter 2. Comparisons of the DCP correlations obtained from this research with 
other correlations that are available in the literature are presented in Figures 4.15 and Figure 
4.16. Figure 4.15 is the comparison of various correlations between the average DCP penetration 
rate (mm/blow) and different moduli (MPa). It is important note that the penetration rate was 
correlated to elastic moduli from plate load test, however the compared correlations are between 
the penetration rate and moduli obtained from FWD or Heavy Vehicle Simulator (Section 2.2.4). 
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Figure 4.14 Correlation between average DCP penetration rate and CBR (%) 
 As seen in Figure 4.15, the suggested correlations between average DCP penetration rate 
and PLT elastic moduli are reasonable. This figure also shows the suggested correlations 
estimate slightly higher initial modulus than reloading modulus. Figure 4.16 compares the 
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suggested correlations to the available correlations between the average DCP penetration rate 
(mm/blow) and California Bearing Ratio, CBR (%). For any DCP penetration rate, the suggested 
correlation predicts slightly lower CBR than other correlations.  
 
0
100
200
300
400
500
600
700
0 5 10 15 20 25 30 35
DCP Penetration Rate (mm/blow)
M
od
ul
us
 (M
pa
)
PEN-1 (1990)
PEN-2 (1990)
de Beer (1991)
E PLT(i)=7000/(6.1+PR^1.5)
E PLT(R2)=2460/(PR^1.285)
 
Figure 4.15 Comparison between the suggested PR versus PLT elastic moduli correlation with 
available correlations 
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Figure 4.16 Comparison between the suggested DCP versus CBR correlation with available 
correlations 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 The objective of this study is to evaluate the Geogauge, the Light Falling Weight 
Deflectometer (LFWD) and the Dynamic Cone Penetrometer (DCP) as potential tests to measure 
in-situ stiffness of highway materials and embankments. This work is a step towards developing 
performance based QC/QA procedures, which will eventually replace the current QC/QA 
procedures. In the past, if we had rapid and reliable test methods that can determine the 
strength/stiffness of pavements and embankments, there would not be a need for the current 
procedures that are based on achieving adequate field density. Nowadays , with the aid of 
electronics and improved technology, new devices were developed that can measure strength of 
materials rapidly with minimal invasion. The Geogauge, the LFWD and DCP are three of the 
non-destructive tests which have the potential to be used in performance based QC/QA 
procedures. The DCP has more credibility due to its longer history but it is more intrusive and  
locally destructive than the other two alternatives.  
 Significant experience was gained with the three devices after conducting laboratory tests 
together with the plate load and CBR tests as a basis for comparison. Several correlations were 
developed and the conclusions for each investigated device will be presented separately. 
5.1 THE GEOGAUGE 
 The main advantage of the geogauge is the size and compact design of the device. It is 
very easy to operate and it gives rapid results. The Geogauge is durable and has a long battery 
life. With these properties, it is the most user- friendly tool among three devices. However 
compared to other devices, the results of the Geogauge are widely scattered and have low 
correlation coefficients. The coefficient of variations for the Geogauge test are typically less than 
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those for the LFWD tests, ranging from 2.3% to 38.8%. The average CV is 12.5% which is 
almost half of the variation obtained by the LFWD. The highest variation of geogauge 
measurements was observed for 4% cement soil. According to geogauge readings, 4% cement 
soil was less stiff than the 2% cement soil. Although the compactive efforts might be different, 
the stiffness of the 4% cement soil is expected to have higher stiffness compared to 2% cement 
soil. DCP penetration rates are lower for 4% cement soil compared to 2% cement soil which 
suggests that the 4% cement soil is stiffer than the 2% cement soil as expected. Despite the high 
CV of LFWD test with cement soils, the LFWD results also support the notion that 4% CC is 
stiffer. Relatively low values of the geogauge stiffness modulus are most likely due to presence 
of minor shrinkage cracks.      
 The tests are highly repeatable if the proper seating procedure of the foot ring is achieved. 
The Geogauge has the potential to be an effective tool especially for compaction control of 
pavement layers and embankments with its robust, repeatable readings and compact size. 
However, more research should be conducted especially with cement treated materials and 
effects of minor cracks should be investigated. 
5.2 THE LFWD 
 The LFWD is a convenient in-situ testing device compared to regular FWD. However, it 
is not as handy as the geogauge or the DCP. The correlation of the LFWD with the PLT 
reloading modulus is better than the results of the Geogauge versus PLT correlation. The LFWD 
and the PLT data are following the same trend even with the cement-stabilized layers. When the 
test is repeated on the same spot, the measured stiffness modulus is consistent. However, when 
relocated only about few inches away a significant variation in the measured modulus value was 
observed. The LFWD has little tolerance for uneven surfaces. As the hammer drops, the device 
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shakes and moves from its location if the plate is not in good contact with the ground. At least 
three measurements must be repeated on the same spot. The initial measurements must be 
ignored if the displayed dynamic modulus is increasing with the repetition of the test at the same 
spot. The first couple of hammer drops ensure the adequate seating of the loading plate onto the 
ground.  
 The LFWD serves as an alternative to static plate load test. The developed correlations 
between two tests increase the credibility of the LFWD in this sence. The LFWD has the 
potential to be an effective tool for QC/QA procedures but currently there’s very limited research 
with the device. 
5.3 THE DCP 
 The Dynamic Cone Penetrometer has a longer history and more credibility compared to 
the geogauge and the LFWD. The device requires no electronics; it is durable, portable and easy 
to operate. Some states are already using the device for different applications (Section 2.1.3).  
 This study shows that the DCP has the most consistent results within the different layers. 
It is an effective tool to identify different layers when the penetration rate (mm/blow) is plotted 
versus penetration depth. Another advantage is that the DCP can take measurements deeper than 
the geogauge and the LFWD. The DCP readings are not affected by minor cracks. Several 
correlations of the DCP with the PLT and CBR were obtained and presented in Section 4.2.4. 
Therefore, DCP penetration can be used to estimate the  in-situ CBR value or the elastic modulus 
for a pavement layer. Alternatively the stiffness of materials can be represented by DCP 
penetration rates directly and the device can be used as a QC/QA testing tool. The DCP has also 
some disadvantages. The major disadvantage is the minimally intrusive nature of the test.  
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5.4 RECOMMENDATIONS 
 There is a need for more research especially with the Geogauge and the LFWD devices. 
The effects of minor cracks on measurements with these devices can be investigated by 
conducting more tests with cement-stabilized soils. This research involves testing 2% and 4% 
cement treated soil. It is recommended to have more tests with 6% and 8% cement stabilized 
soils. A research based on the geogauge addressing the negative effects of minor cracks on 
measurements seems advisable.  
 There’s very limited literature with the LFWD (Prima100) device used in this research. 
There are several other portable falling weight deflectometers in the market, which are similar to 
Prima LFWD. Standardization of the different brands should be encouraged before implementing 
the portable falling weight deflectometers as a QC/QA device. A more durable handle and PC 
connection cable will make the device more suitable for use in the field. The correlation obtained 
between the LFWD and the CBR is poor. More data is required to be able to obtain a better 
correlation between the LFWD dynamic modulus and the CBR. The available correlations and 
the suggested correlations in this research can be improved by conducting more tests on wide 
range of materials. Repeatability of the LFWD was poor even when the device was moved only a 
few inches away from initial spot. The reason of the high variability of the results must be 
investigated.  
 The correlations in this research were developed by using the combined data from 
different type of materials. With addition of more data with each type of material, alternative 
correlations can be developed seperately for different soil groups.      
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APPENDIX A: OPERATIONAL PROCEDURE FOR THE GEOGAUGE 
 
· Inspect The Condition Of The GeoGauge Prior To Testing 
Ring foot must be clean and free of soil and other debris. Rubber seal must be in good 
condition. 
· Turn On The GeoGauge   
Press “ON” button. Check if the displayed battery voltage is adequate (> 7.5 V).  
· Prepare The Surface To Be Tested  
Surface to be tested should be smooth and level. Coarse aggregate or hard surfaces may 
require moist sand to be patted on the surface for good contact with the ring. The gauge 
cannot be in contact with anything other than the tested surface during the test. Clearance 
on the side and the bottom of the gauge should be ensured. 
· Seating Of The Foot 
Proper seating of the foot is an essential step for the testing procedure. Humboldt’s 
suggested a seating procedure (2000) for the geogauge, which was modified by the 
Geogauge Pooled Fund Study Group SPR-2 (212) in 2002. The key modification was the 
acceptance criteria of the geogauge reading, which is inspecting the footprint after the 
removal of the geogauge to see if 80% of the footprint is clearly visible or not. If 80% of 
the footprint is not clearly visible, adequate contact of the foot with the ground is not 
satisfied and the reading should be discarded. If there is a difficulty meeting the seating 
requirement due to rough, irregular or hard ground surface placement of geogauge on the 
surface with sand coupling layer is suggested. By experience it was found that the use of 
moist sand as a coupling layer works well for the geogauge.  
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The suggested sand-coupling layer is prepared by placing a layer of fine, clean, 
moist sand by hand with a thickness of approximately 6.0 mm (1/4 in.). No pieces of 
aggregate and other materials should be present on the completed sand-coupling layer. 
Geogauge will be seated on the prepared surface rotating the device by hand no more 
than a ¼ turn without exerting any downward force. If there’s no need for sand coupling 
layer suggested placement of the geogauge on the ground is rotating the geogauge by 
hand ½ turn, again without exerting any downward force. For direct application to some 
soils ¼ rotation of the geogauge may be adequate for achieving good seating. However ½ 
turn is recommended for direct application to ground since with many soils more than ¼ 
turn is necessary and having ½ turn rotation where it is not necessary do not adversely 
affect the results.     
· Take The Measurement  
Once the geogauge is properly seated, the operator can press “Meas” button. Then the 
geogauge will measure noise and stiffness as a function of frequency. The followings 
readings will be displayed in sequence: 
• Signal to Noise ratio (SNR) in dB 
• The standard deviation (5d) of all 25 frequency dependent stiffness measurements 
relative to the displayed (average) value of stiffness 
• Stiffness or Young’s modulus 
• Ready for next measurement (last measurement value still displayed) 
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· Ending The Test 
Following the removal of the geogauge, examine the foot print to see if the test is 
acceptable. Clean any soil off of the foot that may have been caked during testing and 
turn off the geogeauge to save battery power if it is not going to be used shortly. 
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APPENDIX B: CLAY DATA 
        
SAMPLE: Clay 1       
DATE: 3/13/2002  CBR (%) = 1.2069 (Dry Den.) – 111.44 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 187.8  187.8     
2 155.8  155.8     
3 156.5  156.5     
4 171.3  171.3     
5 184.0  184.0     
6 166.1  166.1     
7 147.9  147.9     
Average  167.1       
Std 15.0       
CV 9.0       
        
        
LFWD       
Locations  
Mean of 
Readings   Readings (MPa)   
1 164.60  167.7 161.48    
2 180.00  192.7 167.25    
3 202.40  210.49 194.17    
Average  182.33       
Std 19.01       
CV 10.42       
        
*Densities are in (pcf)       
Nuclear gauge readings 12" 8" 4"    
Dry Den. 113.6 111.2 113.1   Average 
Tot.Den. 126.3 124.4 126.1  Dry Den. 112.36 REAR 
Moist. Cont. 11.2 11.8 11.6  Tot.Den. 124.66 
Dry Den. 114.1 110.4 114.6  w.c. (%) 10.98 
Tot.Den. 125.8 123 126.6    MIDDLE 
Moist. Cont. 10.2 11.4 10.5    
Dry Den. 111.3 109.8 113.1    
Tot.Den. 122.9 121.6 125.2    FRONT 
Moist. Cont. 10.5 10.8 10.8    
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DCP 1  DCP 2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 98.0    0 97.7    
1 96.0 20 10.0  1 96.2 15 7.5  
2 95.3 7.0 23.5  2 95.5 7.0 18.5  
3 94.5 8 31.0  3 94.4 11 27.5  
4 93.8 7.0 38.5  4 93.2 12.0 39.0  
5 92.5 13 48.5  5 92.3 9 49.5  
6 91.7 8.0 59.0  6 90.9 14.0 61.0  
7 90.5 12 69.0  7 89.3 16 76.0  
8 89.1 14.0 82.0  8 87.5 18.0 93.0  
9 87.8 13 95.5  9 86.4 11 107.5  
10 86.1 17.0 110.5  10 84.8 16.0 121.0  
11 84.3 18 128.0  11 83.1 17 137.5  
12 82.5 18.0 146.0  12 81.9 12.0 152.0  
13 81.3 12 161.0  13 80.6 13 164.5  
14 80.3 10.0 172.0  14 79.8 8 175.0  
15 79.4 9 181.5  15 78.9 9.0 183.5  
16 78.5 9.0 190.5  16 77.9 10 193.0  
17 77.5 10 200.0  17 76.6 13.0 204.5  
18 76.4 11.0 210.5  18 75.5 11 216.5  
19 75.3 11 221.5  19 74.6 9.0 226.5  
20 74.0 13.0 233.5  20 72.5 21 241.5  
21 72.5 15 247.5  21 70.7 18.0 261.0  
22 71.2 13.0 261.5  22 68.6 21 280.5  
23 69.2 20 278.0  23 65.9 27.0 304.5  
24 66.9 23.0 299.5  24 63.9 20 328.0  
25 64.8 21 321.5  25 62.8 11.0 343.5  
26 63.5 13.0 338.5  26 61.9 9 353.5  
27 62.7 8 349.0  27 61.0 9 362.5  
28 61.8 9.0 357.5  28 60.2 8.0 371.0  
29 60.9 9 366.5  29 59.2 10 380.0  
30 59.9 10.0 376.0  30 58.3 9.0 389.5  
31 58.7 12 387.0  31 57.0 13 400.5  
32 57.1 16.0 401.0  32 55.5 15.0 414.5  
33 55.4 17 417.5  33 53.9 16 430.0  
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PLATE LOAD TEST 
Deflection(in./1000) Load (tons) Stress(psi) DEFLECTION(in) 
0 0 0.00 0 
30 2 79.58 0.03 
60 3 119.37 0.06 
108 4 159.15 0.108 
228 4.5 179.05 0.228 
214 2.5 99.47 0.214 
163 0 0.00 0.163 
195 2.5 99.47 0.195 
215 3.5 139.26 0.215 
257 4.5 179.05 0.257 
362 5 198.94 0.362 
505 5.5 218.84 0.505 
645 6 238.73 0.645 
627 4 159.15 0.627 
600 2 79.58 0.6 
552 0 0.00 0.552 
588 2.5 99.47 0.588 
639 4.5 179.05 0.639 
727 6 238.73 0.727 
631 0 0.00 0.631 
    
    
Plate diameter = 8"    
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SAMPLE: Clay 2       
DATE: 4/4/2002  CBR (%) = 0.8855 (Dry Den.) – 80.116 
        
Geogauge       
Locations  Mean of 
Readings  
 Readings (MPa)   
1 197.2  199.5 194.9    
2 160.2  159.9 160.5    
3 164.3  168.4 160.2    
4 148.4  145.8 151    
5 196.6  194.2 199    
6 161.1  159.9 162.38    
7 181.2  164 223    
Average  172.7       
Std 19.1       
CV 11.1       
        
        
LFWD       
Locations  Mean of 
Readings  
 Readings (MPa)   
1 485  484.55 486.23    
2 430  417.7 441.65    
3 420  402.97 437.95    
Average  445.00       
Std 35.00       
CV 7.87       
        
nuclear gauge readings 12" 8" 4"    
Dry Den. 117.4 117.4 118.9   Average 
Tot.Den. 132.8 133.6 133.9  Dry Den. 119.27 REAR 
Moist. Cont. 12.5 13.2 12.6  Tot.Den. 134.23 
Dry Den. 119.7 119.9 120.5  w.c. 12.51 
Tot.Den. 134.2 134.4 133.9    MIDDLE 
Moist. Cont. 12.1 12.1 11.8    
Dry Den. 118.9 120.2 120.5    
Tot.Den. 134.4 135.1 135.8    FRONT 
Moist. Cont. 13.1 12.4 12.8    
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DCP 1  DCP 2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 97.7    0 98.2    
1 96.4 13.0 6.5  1 96.3 19.0 9.5  
2 95.1 13.0 19.5  2 95.0 13.0 25.5  
3 94.8 3.0 27.5  3 93.3 17.0 40.5  
4 92.5 23.0 40.5  4 91.5 18.0 58.0  
5 91.0 15.0 59.5  5 89.8 17.0 75.5  
6 89.6 14.0 74.0  6 88.0 18.0 93.0  
7 88.0 16.0 89.0  7 86.1 19.0 111.5  
8 86.3 17.0 105.5  8 84.3 18.0 130.0  
9 84.7 16.0 122.0  9 82.7 16.0 147.0  
10 83.0 17.0 138.5  10 81.0 17.0 163.5  
11 81.4 16.0 155.0  11 79.2 18.0 181.0  
12 79.4 20.0 173.0  12 77.2 20.0 200.0  
13 77.0 24.0 195.0  13 74.8 24.0 222.0  
14 74.5 25.0 219.5  14 72.5 23.0 245.5  
15 71.4 31.0 247.5  15 69.7 28.0 271.0  
16 68.3 31.0 278.5  16 67.2 25.0 297.5  
17 66.0 23.0 305.5  17 65.2 20.0 320.0  
18 64.0 20.0 327.0  18 63.0 22.0 341.0  
19 62.2 18.0 346.0  19 61.0 20.0 362.0  
20 60.3 19.0 364.5  20 59.1 19.0 381.5  
21 58.6 17.0 382.5  21 57.5 16.0 399.0  
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PLATE LOAD TEST 
Deflection(in./1000) Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0 0.00 
53.1 2 0.0531 79.58 
117.5 3.5 0.1175 139.26 
181.2 4.5 0.1812 179.05 
318.5 5.5 0.3185 218.84 
311.8 3.5 0.3118 139.26 
299 2.5 0.299 99.47 
216.1 0 0.2161 0.00 
245.7 2 0.2457 79.58 
266.3 3 0.2663 119.37 
288.7 4 0.2887 159.15 
341.3 5.5 0.3413 218.84 
321.7 3.5 0.3217 139.26 
246.5 0 0.2465 0.00 
268.4 2 0.2684 79.58 
301.1 3.5 0.3011 139.26 
326.4 4.5 0.3264 179.05 
363 5.5 0.363 218.84 
506 6.5 0.506 258.63 
478.6 2 0.4786 79.58 
391.5 0 0.3915 0.00 
    
    
Plate diameter = 8"    
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SAMPLE: Clay 3       
DATE: 4/24/2002  CBR (%) = 0.3421 (Dry Den.) – 28.271 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 159.5  159.1 159.6    
2 162.1  160.4 163.7    
3 141.9  140.1 143.6    
4 139.2  138.4 140.0    
5 137.3  134.5 140.1    
6 137.4  138.5 136.3    
7 122.3  123.5 120.8    
Average  142.8       
STD 13.8       
CV 9.7       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 42.6  42.2 43.05    
2 59.9  54.7 65.1    
3 55.3  54 56.6    
4 69.5  63.5 75.24    
Average  56.83       
STD 11.18       
CV 19.67       
        
        
nuclear gauge readings 12" 8" 4"    
Dry Den. 111.8 105.6 103.8   Average 
Tot.Den. 127.4 120.8 119.1  Dry Den. 105.9 mid-right 
Moist. Cont. 14 14.4 14.7  Tot.Den. 121.4 
Dry Den. 110.5 104.2 99.6  w.c. (%) 14.6 
Tot.Den. 125.9 120 115    mid- left 
Moist. Cont. 13.9 15.2 15.5    
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DCP 1  DCP 2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 97.4    0 96.9    
1 94.0 34.0 17.0  1 93.0 52.0 26.0  
2 89.5 45.0 56.5  2 88.7 43.0 73.5  
3 84.0 55.0 106.5  3 83.6 51.0 120.5  
4 80.3 37.0 152.5  4 78.8 48.0 170.0  
5 77.4 29.0 185.5  5 76.7 21.0 204.5  
6 74.6 28.0 214.0  6 74.6 21.0 225.5  
7 72.0 26.0 241.0  7 72.2 24.0 248.0  
8 69.9 21.0 264.5  8 70.0 22.0 271.0  
9 67.8 21.0 285.5  9 67.9 21.0 292.5  
10 65.6 22.0 307.0  10 65.6 23.0 314.5  
11 63.3 23.0 329.5  11 63.3 23.0 337.5  
12 61.0 23.0 352.5  12 61.0 23.0 360.5  
13 59.2 18.0 373.0  13 58.9 21.0 382.5  
14 57.8 14.0 389.0  14 57.3 16.0 401.0  
15 56.5 13.0 402.5  15 56.1 12.0 415.0  
16 55.1 14.0 416.0  16 54.2 19.0 430.5  
17 53.6 15.0 430.5  17 52.3 19.0 449.5  
18 51.8 18.0 447.0  18 50.0 23.0 470.5  
19 49.9 19.0 465.5  19 48.2 18.0 491.0  
 
PLATE LOAD TEST 
Deflection(in./1000) Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0 0.00 
109.1 2 0.1091 88.42 
909.4 3 0.9094 132.63 
907 2 0.907 88.42 
824 0 0.824 0.00 
877.8 2 0.8778 88.42 
898.3 2.5 0.8983 110.52 
948.8 3 0.9488 132.63 
    
    
Plate diameter = 8"    
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SAMPLE: Clay 4       
DATE: 5/3/2002  CBR (%) = 0.3421 (Dry Den.) – 28.271 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 160.2  161.3 159.1    
2 130.2  131.2 129.2    
3 161.5  159.9 163.1    
4 133.4  131.8 135.0    
5 143.5  144.0 143.0    
6 159.2  160.7 157.7    
7 152.4  150.5 154.3    
Average  148.63       
Std 13.06       
CV 8.79       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 125.5  153.35 97.65    
2 69.2  75.8 62.6    
3 241.1  272.5 209.7    
4 173.1  165.6 180.6    
5 106.2  128.4 84    
6 94.2  82.2 106.2    
Average  134.88       
Std 62.65       
CV 46.44       
        
        
nuclear gauge readings 12" 8" 4"    
Dry Den. 120.2 117.2 117.5   Average 
Tot.Den. 136.7 134.1 134.2  Dry Den. 118.70 REAR 
Moist. Cont. 13.8 14.4 14.1  Tot.Den. 135.27 
Dry Den. 119.5 117.7 120.1  w.c. (%) 13.95 
Tot.Den. 136.2 133.7 136.7    FRONT 
Moist. Cont. 14 13.6 13.8    
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DCP 1  DCP 2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 97.9    0 96.2    
1 95.0 29.0 14.5  1 91.8 64.0 32.0  
2 92.2 28.0 43.0  2 87.8 40.0 84.0  
3 89.2 30.0 72.0  3 83.7 41.0 124.5  
4 85.1 41.0 107.5  4 79.9 38.0 164.0  
5 80.2 49.0 152.5  5 77.4 25.0 195.5  
6 76.9 33.0 193.5  6 74.9 25.0 220.5  
7 74.5 24.0 222.0  7 73.0 19.0 242.5  
8 72.3 22.0 245.0  8 71.0 20.0 262.0  
9 69.8 25.0 268.5  9 69.2 18.0 281.0  
10 67.7 21.0 291.5  10 67.3 19.0 299.5  
11 66.0 17.0 310.5  11 65.4 19.0 318.5  
12 64.2 18.0 328.0  12 63.8 16.0 336.0  
13 62.5 17.0 345.5  13 62.1 17.0 352.5  
14 60.7 18.0 363.0  14 60.5 16.0 369.0  
15 59.3 14.0 379.0  15 59.0 15.0 384.5  
16 58.0 13.0 392.5  16 57.5 15.0 399.5  
17 56.7 13.0 405.5  17 56.4 11.0 412.5  
18 55.2 15.0 419.5  18 55.0 14.0 425.0  
 
PLATE LOAD TEST 
Deflection(in./1000) Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0 0.00 
53.1 2 0.05 88.42 
117.5 3 0.163 132.63 
181.2 3.5 0.244 154.73 
318.5 2 0.225 88.42 
311.8 0 0.142 0.00 
299 2 0.205 88.42 
216.1 3 0.254 132.63 
245.7 4 0.425 176.84 
266.3 5 0.949 221.05 
288.7 3 0.906 132.63 
341.3 0 0.809 0.00 
        
    
Plate diameter = 8"   
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SAMPLE: Clay 5       
DATE: 5/22/2002  CBR (%) = 1.1314 (Dry Den.) – 102.05 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 83.3  79.1 86.2 84.5   
2 82.1  79.2 85.0    
3 82.7  84.4 81.1    
4 94.5  98.8 90.1    
5 81  82.3 79.9    
6 80.8  79.2 81.0    
7 82.2  81.1 83.2    
Average  83.80       
Std 4.80       
CV 5.73       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 57.9  57 58.8    
2 39.8  35 44.6    
3 63.1  60.4 65.8    
4 49.8  44.8 54.8    
Average  52.65       
Std 10.17       
CV 19.31       
        
        
nuclear gauge readings 12" 8" 4"    
Dry Den. 100.9 93 98.1   Average 
Tot.Den. 109.1 101.1 105.7  Dry Den. 96.60 FRONT 
Moist. Cont. 8.1 8.7 7.7  Tot.Den. 104.78 
Dry Den. 102.1 93.8 91.7  w.c. (%) 8.45 
Tot.Den. 110.6 101.9 100.3    REAR 
Moist. Cont. 8.3 8.6 9.3    
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DCP 1  DCP 2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 96.4    0 96.7    
1 93.5 29.0 14.5  1 93.3 49.0 24.5  
2 91.4 21.0 39.5  2 90.7 26.0 62.0  
3 89.7 17.0 58.5  3 88.5 22.0 86.0  
4 87.8 19.0 76.5  4 85.8 27.0 110.5  
5 85.6 22.0 97.0  5 83.0 28.0 138.0  
6 83.3 23.0 119.5  6 80.3 27.0 165.5  
7 81.2 21.0 141.5  7 78.5 18.0 188.0  
8 79.1 21.0 162.5  8 77.8 7.0 200.5  
9 78.2 9.0 177.5  9 77.3 5.0 206.5  
10 77.5 7.0 185.5  10 76.7 6.0 212.0  
11 76.6 9.0 193.5  11 76.2 5.0 217.5  
12 76.3 3.0 199.5  12 75.9 3.0 221.5  
13 75.3 10.0 206.0  13 75.3 6.0 226.0  
14 74.5 8.0 215.0  14 74.7 6.0 232.0  
15 73.6 9.0 223.5  15 74.1 6.0 238.0  
16 73.0 6.0 231.0  16 73.3 8.0 245.0  
17 72.0 10.0 239.0  17 72.8 5.0 251.5  
18 71.3 7.0 247.5  18 72.2 6.0 257.0  
19 70.2 11.0 256.5  19 71.7 5.0 262.5  
20 69.2 10.0 267.0  20 71.0 7.0 268.5  
21 68.5 7.0 275.5  21 70.2 8.0 276.0  
22 67.4 11.0 284.5  22 69.6 6.0 283.0  
23 66.9 5.0 292.5  23 68.8 8.0 290.0  
24 66.0 9.0 299.5  24 68.1 7.0 297.5  
25 65.5 5.0 306.5  25 67.6 5.0 303.5  
26 65.0 5.0 311.5  26 67.1 5.0 308.5  
27 64.6 4.0 316.0  27 66.6 5.0 313.5  
28 64.3 3.0 319.5  28 66.2 4.0 318.0  
29 63.5 8.0 325.0  29 65.8 4.0 322.0  
30 63.0 5.0 331.5  30 65.2 6.0 327.0  
31 62.7 3.0 335.5  31 64.9 3.0 331.5  
32 62.0 7.0 340.5  32 64.5 4.0 335.0  
33 61.5 5.0 346.5  33 64.0 5.0 339.5  
34 60.8 7.0 352.5  34 63.5 5.0 344.5  
35 60.0 8.0 360.0  35 63.0 5.0 349.5  
36 59.3 7.0 367.5  36 62.3 7.0 355.5  
37 58.4 9.0 375.5  37 61.7 6.0 362.0  
38 57.2 12.0 386.0  38 61.0 7.0 368.5  
39 56.0 12.0 398.0  39 60.1 9.0 376.5  
40 54.6 14.0 411.0  40 59.3 8.0 385.0  
41 53.2 14.0 425.0  41 58.3 10.0 394.0  
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.073 50.93 
2.5 0.124 63.66 
3 0.209 76.39 
3.5 0.304 89.13 
4 0.420 101.86 
3 0.418 76.39 
2.5 0.414 63.66 
2 0.410 50.93 
1.5 0.403 38.20 
0 0.374 0.00 
2 0.398 50.93 
3 0.416 76.39 
3.5 0.431 89.13 
4.5 0.555 114.59 
5 0.688 127.32 
5.5 0.795 140.06 
4 0.787 101.86 
3 0.781 76.39 
2 0.768 50.93 
0 0.737 0.00 
      
   
Plate diameter = 10"   
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SAMPLE: Clay 6       
DATE: 5/24/2002  CBR (%) = 1.1314 (Dry Den.) – 102.05 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 249.1  270.6 244.3 232.5   
2 218.3  234.7 218.4 201.8   
3 231.2  235.5 227.1    
4 234.9  244.8 222.1 237.8   
5 188.6  188.9 188.3    
6 219.7  231.0 208.4    
7 236.2  239.6 232.8    
Average  225.4       
Std 19.3       
CV 8.6       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 344.4  370.8 350.4 311.9   
2 310.9  302 319.7    
3 254.6  288.5 220.7    
4 279.9  293.6 266.2    
5 338.4  335.8 341    
Average  305.64       
Std 38.31       
CV 12.53       
        
        
nuclear gauge readings 12" 8" 4"    
Dry Den. 109.1 106.2 108.5   Average 
Tot.Den. 115.1 116.8 120.2  Dry Den. 107.52 FRONT 
Moist. Cont. 9.5 9.4 9.4  Tot.Den. 117.45 
Dry Den. 109.6 105.2 106.5  w.c. (%) 9.43 
Tot.Den. 116.6 115.5 120.5    REAR 
Moist. Cont. 9.7 9.5 9.1    
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DCP 1  DCP 2  
Blow # Reading (cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 97.2    0 97.8    
1 95.7 15.0 7.5  1 96.5 17.0 8.5  
2 94.6 11.0 20.5  2 95.6 9.0 21.5  
3 93.7 9.0 30.5  3 94.8 8.0 30.0  
4 92.6 11.0 40.5  4 94.0 8.0 38.0  
5 91.5 11.0 51.5  5 93.1 9.0 46.5  
6 90.4 11.0 62.5  6 92.3 8.0 55.0  
7 89.3 11.0 73.5  7 91.4 9.0 63.5  
8 88.2 11.0 84.5  8 90.3 11.0 73.5  
9 87.1 11.0 95.5  9 89.1 12.0 85.0  
10 85.9 12.0 107.0  10 88.1 10.0 96.0  
11 84.6 13.0 119.5  11 87.1 10.0 106.0  
12 83.4 12.0 132.0  12 86.1 10.0 116.0  
13 82.1 13.0 144.5  13 85.0 11.0 126.5  
14 80.6 15.0 158.5  14 83.7 13.0 138.5  
15 79.2 14.0 173.0  15 82.3 14.0 152.0  
16 78.2 10.0 185.0  16 80.9 14.0 166.0  
17 77.6 6.0 193.0  17 79.7 12.0 179.0  
18 76.7 9.0 200.5  18 78.9 8.0 189.0  
19 76.0 7.0 208.5  19 78.2 7.0 196.5  
20 75.3 7.0 215.5  20 77.6 6.0 203.0  
21 74.5 8.0 223.0  21 77.1 5.0 208.5  
22 73.8 7.0 230.5  22 76.4 7.0 214.5  
23 72.9 9.0 238.5  23 75.9 5.0 220.5  
24 72.2 7.0 246.5  24 75.2 7.0 226.5  
25 71.4 8.0 254.0  25 74.6 6.0 233.0  
26 70.5 9.0 262.5  26 73.9 7.0 239.5  
27 69.6 9.0 271.5  27 73.0 9.0 247.5  
28 68.7 9.0 280.5  28 72.2 8.0 256.0  
29 68.0 7.0 288.5  29 71.6 6.0 263.0  
30 67.1 9.0 296.5  30 70.9 7.0 269.5  
31 66.4 7.0 304.5  31 70.2 7.0 276.5  
32 65.8 6.0 311.0  32 69.4 8.0 284.0  
33 65.4 4.0 316.0  33 68.7 7.0 291.5  
34 65.0 4.0 320.0  34 68.0 7.0 298.5  
35 64.5 5.0 324.5  35 67.3 7.0 305.5  
36 64.2 3.0 328.5  36 66.9 4.0 311.0  
37 63.8 4.0 332.0  37 66.5 4.0 315.0  
38 63.4 4.0 336.0  38 65.9 14.0 324.0  
39 62.9 5.0 340.5  39 65.5 5.0 333.5  
40 62.4 5.0 345.5  40 65.1 3.0 337.5  
41 62.0 4.0 350.0  41 64.6 7.0 342.5  
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Table Continued        
42 61.4 6.0 355.0  42 64.3 5.0 348.5  
43 60.7 7.0 361.5  43 63.6 6.0 354.0  
44 60.0 7.0 368.5  44 63.1 5.0 359.5  
45 59.3 7.0 375.5  45 62.5 9.0 366.5  
46 58.3 10.0 384.0  46 62.0 5.0 373.5  
47 57.4 9.0 393.5  47 61.1 9.0 380.5  
48 56.3 11.0 403.5  48 60.3 8.0 389.0  
     49 59.3 10.0 398.0  
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.015 50.93 
3 0.028 76.39 
4 0.041 101.86 
5 0.056 127.32 
6 0.073 152.79 
7 0.096 178.25 
8 0.123 203.72 
6.5 0.122 165.52 
5 0.114 127.32 
3 0.098 76.39 
0 0.072 0.00 
3 0.090 76.39 
4 0.096 101.86 
5 0.104 127.32 
6 0.111 152.79 
7 0.119 178.25 
8 0.131 203.72 
9 0.166 229.18 
10 0.232 254.65 
7.5 0.231 190.99 
5 0.218 127.32 
2.5 0.195 63.66 
0 0.165 0.00 
   
   
Plate diameter = 10"   
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SAMPLE: Clay 7       
DATE: 6/7/2002  CBR (%) = 0.8855 (Dry Den.) – 80.116 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 115.1  116.8 117.3 111.3   
2 165.3  122.2 170.1 203.6   
3 163.4  164.7 147.7 177.8   
4 211.9  211.7 212.0    
5 126.7  144.4 98.9 110.4 152.8  
6 175.3  147.2 184.8 193.8   
7 137.9  117.6 159.2 137.0   
Average 156.5       
Std 32.9       
CV 21.0       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 183.70  152.5 214.7 183.7   
2 228.90  202.5 255.3    
3 193.95  254.5 133.4    
4 274.05  223 330.9 333.0 209.3  
5 314.20  278.2 344.9 319.5   
6 216.50  190.2 242.8    
7 188.55  218.8 242.0 171.4 122.0  
Average 228.55       
Std 48.92       
CV 21.41       
        
nuclear gauge readings 12" 8" 4"    
Dry Den. 110.9 114.1 98.1   Average 
Tot.Den. 126.1 129.4 105.7  Dry Den. 111.07 FRONT 
Moist. Cont. 13.7 13.3 13.7  Tot.Den. 124.90 
Dry Den. 114 115.4 113.9  w.c. (%) 13.33 
Tot.Den. 129.6 130.2 128.4    REAR 
Moist. Cont. 13.7 12.8 12.8    
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DCP 1  DCP 2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 25.4    0 24.7    
1 27.2 18.0 9.0  1 27.7 30.0 15.0  
2 29.5 23.0 29.5  2 30.1 24.0 42.0  
3 32.5 30.0 56.0  3 32.9 28.0 68.0  
4 35.2 27.0 84.5  4 35.9 30.0 97.0  
5 37.3 21.0 108.5  5 38.3 24.0 124.0  
6 39.0 17.0 127.5  6 39.9 16.0 144.0  
7 40.6 16.0 144.0  7 41.5 16.0 160.0  
8 42.2 16.0 160.0  8 43.4 19.0 177.5  
9 44.6 24.0 180.0  9 45.8 24.0 199.0  
10 46.9 23.0 203.5  10 48.0 22.0 222.0  
11 49.8 29.0 229.5  11 50.5 25.0 245.5  
12 52.9 31.0 259.5  12 53.6 31.0 273.5  
13 55.3 24.0 287.0  13 55.8 22.0 300.0  
14 57.6 23.0 310.5  14 58.4 26.0 324.0  
15 60.0 24.0 334.0  15 61.1 27.0 350.5  
16 62.2 22.0 357.0  16 63.3 22.0 375.0  
17 64.3 21.0 378.5  17 65.4 21.0 396.5  
18 66.0 17.0 397.5  18 66.9 15.0 414.5  
19 67.2 12.0 412.0  19 69.0 21.0 432.5  
20 68.9 17.0 426.5  20 70.8 18.0 452.0  
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.039 50.93 
2.5 0.059 63.66 
3 0.078 76.39 
3.5 0.106 89.13 
4 0.143 101.86 
4.5 0.175 114.59 
5 0.22 127.32 
3.5 0.214 89.13 
3 0.213 76.39 
2.5 0.21 63.66 
1.5 0.197 38.20 
0 0.151 0.00 
2 0.177 50.93 
3 0.193 76.39 
4 0.215 101.86 
5 0.256 127.32 
6 0.382 152.79 
6.5 0.437 165.52 
7 0.563 178.25 
7.5 0.675 190.99 
   
   
Plate diameter = 10"   
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SAMPLE: Clay 8       
DATE: 11/4/2002  CBR (%) = 1.1314 (Dry Den.) – 102.05 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 76.4  75.1 77.7    
2 65.5  64.9 66.1    
3 68.4  68.1 68.7    
4 65.6  64.8 66.4    
5 69.0  70.4 67.6    
6 82.2  81.6 82.8    
Average 71.2       
Std 6.7       
CV 9.4       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 38.30  32.4 44.2    
2 36.20  33.5 38.9    
3 37.10  29.5 44.7    
4 36.80  35.1 38.5    
Average 37.10       
Std 0.88       
CV 2.38       
        
        
nuclear gauge readings 12" 8" 4"    Average 
Dry Den. 92 91.6 100.3  Dry Den. 94.63 
Tot.Den. 101.2 100.3 100.8  Tot.Den. 100.77 FRONT 
Moist. Cont. 10 9.4 10.1  w.c. (%) 9.83 
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DCP      1   
blow # reading (cm) PR (mm/b) mid layer 
 
0 9.4      
1 12.3 29.0 14.5  
2 15.0 27.0 42.5  
3 17.8 28.0 70.0  
4 21.0 32.0 100.0  
5 24.5 35.0 133.5  
6 27.8 33.0 167.5  
7 30.9 31.0 199.5  
8 34.6 37.0 233.5  
9 38.6 40.0 272.0  
10 42.5 39.0 311.5  
11 45.2 27.0 344.5  
12 48.4 32.0 374.0  
13 50.7 23.0 401.5  
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.080 50.93 
2.5 0.123 63.66 
3 0.212 76.39 
3.5 0.405 89.13 
2.5 0.397 63.66 
0 0.335 0.00 
2.5 0.395 63.66 
3.5 0.471 89.13 
4 0.696 101.86 
   
   
Plate diameter = 10"   
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SAMPLE: Clay 9       
DATE: 11/8/2002  CBR (%) = 1.2075 (Dry Den.) – 111.44 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 163.1  158.9 167.2    
2 195.6  196.1 195.0    
3 150.5  149.1 151.8    
4 117.7  120.2 115.2    
5 180.5  178.6 182.4    
6 131.8  128.6 134.9    
Average 156.5       
Std 29.3       
CV 18.7       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 174.20  174.20     
2 170.30  170.30     
3 171.30  171.30     
4 169.60  169.60     
Average 171.35       
Std 2.02       
CV 1.18       
        
        
nuclear gauge readings 12" 8" 4"    Average 
Dry Den. 106.4 109.2 107  Dry Den. 107.87 
Tot.Den. 119.9 121.6 120  Tot.Den. 120.60 FRONT 
Moist. Cont. 12.7 11.3 12.7  w.c. (%) 11.75 
Dry Den. 106 110.1 108.5    
Tot.Den. 119.4 122.1 120.6    REAR 
Moist. Cont. 11.7 10.9 11.2    
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DCP      1   
blow # reading (cm) PR (mm/b) mid layer  
0 8.9      
1 10.3 14.0 7.0  
2 11.2 9.0 18.5  
3 12.2 10.0 28.0  
4 13.2 10.0 38.0  
5 14.1 9.0 47.5  
6 15.1 10.0 57.0  
7 16.0 9.0 66.5  
8 16.8 8.0 75.0  
9 17.6 8.0 83.0  
10 18.2 6.0 90.0  
11 18.8 6.0 96.0  
12 19.6 8.0 103.0  
13 20.3 7.0 110.5  
14 21.1 8.0 118.0  
15 21.8 7.0 125.5  
16 22.6 8.0 133.0  
17 23.5 9.0 141.5  
18 24.3 8.0 150.0  
19 25.2 9.0 158.5  
20 26.0 8.0 167.0  
21 26.9 9.0 175.5  
22 27.6 7.0 183.5  
23 28.6 10.0 192.0  
24 29.7 11.0 202.5  
25 30.5 8.0 212.0  
26 31.5 10.0 221.0  
27 32.7 12.0 232.0  
28 33.9 12.0 244.0  
29 35.5 16.0 258.0  
30 36.9 14.0 273.0  
31 38.5 16.0 288.0  
32 40.0 15.0 303.5  
33 41.5 15.0 318.5  
34 43.3 18.0 335.0  
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.036 50.93 
3 0.059 76.39 
4 0.075 101.86 
5.5 0.104 140.06 
6.5 0.134 165.52 
7.5 0.161 190.99 
8.5 0.200 216.45 
4 0.195 101.86 
0 0.126 0.00 
4 0.151 101.86 
6 0.168 152.79 
8.5 0.219 216.45 
10 0.304 254.65 
   
   
Plate diameter = 10"   
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APPENDIX C: CEMENT TREATED CLAY DATA 
        
SAMPLE: 2% Cement + Clay, Day 0     
DATE: 8/9/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 205.8  198.6 207.8 210.9   
2 247.9  249.5 247.2 247.1   
3 197.0  194.6 197.8 198.5   
4 222.5  222.8 223.1 221.6   
5 235.7  235.8 235.1 236.1   
6 244.7  245 244.9 244.1   
7 222.8  221 223.6 223.9   
Average 225.2       
Std 19.1       
CV 8.5       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 352.03  370.7 329.7 355.7   
2 198.40  179.1 189.9 226.2   
3 113.60  87.3 138.7 114.8   
4 299.03  149.2 425 322.9   
5 408.95  445.1 372.8    
6 341.37  333 419.1 272   
Average 285.56       
Std 109.64       
CV 38.39       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 101.3 101.7 110   Average 
Tot.Den. 116.3 116.8 125.6  Dry Den. 103.15 FRONT 
Moist. Cont. 14.7 14.8 14.2  Tot.Den. 118.60 
Dry Den. 99.2 100.2 106.5  w.c. (%) 15.37 
Tot.Den. 114.9 115.9 122.1    REAR 
Moist. Cont. 15.7 15.7 14.7    
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DCP      1  
Blow # Reading (cm) PR (mm/b) Mid. layer  
0 25.0      
2 27.0 10.0 10.0  
4 29.0 10.0 30.0  
6 31.4 12.0 52.0  
8 34.0 13.0 77.0  
10 37.0 15.0 105.0  
12 40.5 17.5 137.5  
14 44.1 18.0 173.0  
16 47.0 14.5 205.5  
18 48.7 8.5 228.5  
20 50.3 8.0 245.0  
22 51.9 8.0 261.0  
24 53.8 9.5 278.5  
26 55.7 9.5 297.5  
28 58.1 12.0 319.0  
30 61.0 14.5 345.5  
32 64.1 15.5 375.5  
34 67.5 17.0 408.0  
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.011 79.58 
3 0.019 119.37 
4 0.042 159.16 
5 0.072 198.95 
6 0.113 238.73 
7 0.380 278.52 
5 0.378 198.95 
3.5 0.370 139.26 
1.5 0.353 59.68 
0 0.320 0.00 
1.5 0.338 59.68 
4 0.352 159.16 
5 0.366 198.95 
7 0.408 278.52 
7.5 0.746 298.42 
5 0.743 198.95 
2 0.718 79.58 
0 0.675 0.00 
   
Plate diameter=8"   
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SAMPLE: 2% Cement + Clay, Day 4     
DATE: 8/13/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 226.7  224.6 228.2 227.2   
2 275.2  274.8 275.2 275.7   
3 251.8  255.6 251 248.9   
4 225.2  211.9 229.9 233.7   
5 267.2  267.1 267.6 266.9   
Average 249.2       
Std 22.9       
CV 9.2       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 462.37  433 471 483.1   
2 421.57  380.9 433.4 450.4   
3 345.43  342.7 340.6 353   
4 371.00  399.8 390.6 322.6   
Average 400.09       
Std 52.20       
CV 13.05       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 101.3 101.7 110   Average 
Tot.Den. 116.3 116.8 125.6  Dry Den. 103.15 FRONT 
Moist. Cont. 14.7 14.8 14.2  Tot.Den. 118.60 
Dry Den. 99.2 100.2 106.5  w.c. (%) 15.37 
Tot.Den. 114.9 115.9 122.1    REAR 
Moist. Cont. 15.7 15.7 14.7    
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SAMPLE: 2% Cement + Clay, Day 7     
DATE: 8/9/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 283.7  283.8 285.1 282.2   
2 290.2  289.4 290.2 291.1   
3 215.1  211.2 216.4 217.6   
4 253.5  252.7 253.1 254.7   
5 293.3  293 293.4 293.6   
6 244.9  242.4 247.1 245.3   
7 268.7  266.7 268.8 270.7   
Average 264.2       
Std 28.4       
CV 10.7       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 447.20  460.5 466.1 415   
2 503.90  494.6 503.9 513.2   
3 371.23  343.9 376.2 393.6   
4 444.23  414.6 446.7 471.4   
5 466.47  455 456 488.4   
6 345.17  335 339.5 361   
Average 429.70       
Std 59.90       
CV 13.94       
        
        
Nuclear gauge readings 12" 8" 4"   Average 
Dry Den. 101.3 101.7 110  Dry Den. 103.15 
Tot.Den. 116.3 116.8 125.6  Tot.Den. 118.60 FRONT 
Moist. Cont. 14.7 14.8 14.2  w.c. (%) 15.37 
Dry Den. 99.2 100.2 106.5    
Tot.Den. 114.9 115.9 122.1    REAR 
Moist. Cont. 15.7 15.7 14.7    
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DCP      1  
Blow # Reading (cm) PR (mm/b) Mid. layer  
0 24.4      
2 26.0 12.2 12.2  
4 27.1 5.5 29.9  
6 28.2 5.5 40.9  
8 29.7 7.5 53.9  
10 31.5 9.0 70.4  
12 33.4 9.5 88.9  
14 35.5 10.5 108.9  
16 37.9 12.0 131.4  
18 40.8 14.5 157.9  
20 43.8 15.0 187.4  
22 47.0 16.0 218.4  
24 48.7 8.5 242.9  
26 50.1 7.0 258.4  
28 51.8 8.5 273.9  
30 53.3 7.5 289.9  
32 55.4 10.5 307.9  
34 57.7 11.5 329.9  
36 59.5 9.0 350.4  
38 61.5 9.9 369.3  
40 63.5 9.9 389.1  
42 65.4 9.9 408.9  
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SAMPLE: 2% Cement + Clay, Day 11     
DATE: 8/20/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 284.7  280.7 286.9 286.5   
2 289.6  290.3 289.4 289.1   
3 202.6  207.2 198.6 201.9   
4 274.1  282.8 270.5 269.1   
5 294.0  289.4 289.4 303.1   
6 293.1  293.8 292 293.4   
Average 273.0       
Std 37.9       
CV 13.9       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 398.93  419.3 366.1 411.4   
2 460.03  454.8 456.7 468.6   
3 448.23  433.1 450.1 461.5   
4 345.10  355.7 304.6 375   
5 463.00  453.1 472.9    
Average 423.06       
Std 52.48       
CV 12.40       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 101.3 101.7 110   Average 
Tot.Den. 116.3 116.8 125.6  Dry Den. 103.15 FRONT 
Moist. Cont. 14.7 14.8 14.2  Tot.Den. 118.60 
Dry Den. 99.2 100.2 106.5  w.c. (%) 15.37 
Tot.Den. 114.9 115.9 122.1    REAR 
Moist. Cont. 15.7 15.7 14.7    
 
 
 
 
 
 
 125 
 
        
        
SAMPLE: 2% Cement + Clay, Day 13     
DATE: 8/23/02       
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 279.2  279.6 279.8 278.1   
2 282.2  281.7 281.5 283.5   
3 215.5  214.3 215.3 217   
4 252.7  255 251.8 251.4   
5 218.3  216.1 219.2 219.6   
6 239.7  238 238.8 242.4   
7 262.9  264 263.7 261.1   
Average 250.1       
Std 27.0       
CV 10.8       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa)   
1 357.47  355.8 358.7 357.9   
2 518.17  505 527.5 522   
3 468.00  413.1 484.9 506   
4 456.53  446.1 463.3 460.2   
5 269.53  251.1 291.9 265.6   
6 331.97  319.8 337.6 338.5   
Average 400.28       
Std 95.12       
CV 23.76       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 101.3 101.7 110   Average 
Tot.Den. 116.3 116.8 125.6  Dry Den. 103.15 FRONT 
Moist. Cont. 14.7 14.8 14.2  Tot.Den. 118.60 
Dry Den. 99.2 100.2 106.5  w.c. (%) 15.37 
Tot.Den. 114.9 115.9 122.1    REAR 
Moist. Cont. 15.7 15.7 14.7    
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DCP      1  
Blow # Reading (cm) PR (mm/b) Mid. 
layer  
0 24.0      
2 25.7 8.5 8.5  
4 27.0 6.5 23.5  
6 27.9 4.5 34.5  
8 28.9 5.0 44.0  
10 30.1 6.0 55.0  
12 31.5 7.0 68.0  
14 33.4 9.5 84.5  
16 34.6 6.0 100.0  
18 36.6 10.0 116.0  
20 38.7 10.5 136.5  
22 41.3 13.0 160.0  
24 43.9 13.0 186.0  
26 45.6 8.5 207.5  
28 47.4 9.0 225.0  
30 48.6 6.0 240.0  
32 49.7 5.5 251.5  
34 50.7 5.0 262.0  
36 51.8 5.5 272.5  
38 52.9 5.5 283.5  
40 53.9 5.0 294.0  
42 55.2 6.5 305.5  
44 56.9 8.5 320.5  
46 58.9 10.0 339.0  
48 60.8 9.5 358.5  
50 63.4 13.0 381.0  
52 65.6 11.0 405.0  
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2.5 0.010 99.47 
3.5 0.017 139.26 
5 0.035 198.95 
7 0.057 278.52 
7.5 0.135 298.42 
5 0.134 198.95 
3 0.127 119.37 
2 0.122 79.58 
0 0.094 0.00 
2.5 0.102 99.47 
4 0.110 159.16 
6 0.126 238.73 
7.5 0.142 298.42 
8 0.496 318.31 
6 0.496 238.73 
2 0.468 79.58 
0 0.440 0.00 
   
   
Plate diameter = 8"   
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SAMPLE: 4% Cement + Clay, Day 1     
DATE: 6/28/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 145.7  133.6 157.6    
2 203.5  195.3 211.7    
4 162.7  172.8 152.6    
5 142.1  164.9 119.2    
7 221.2  143.9 234.1 285.6   
9 117.5  129.3 121.0 102.1   
10 228.8  180.6 244.2 261.6   
Average 174.5       
Std 43.3       
CV 24.8       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 378.50  378.3 396.59    
2 593.60  596.2 590.88    
3 466.40  450.4 482.34    
4 465.90  441.2 490.6    
5 479.70  623.9 432 375   
6 620.20  631.8 608.5    
7 393.00       
Average 485.33       
Std 91.85       
CV 18.93       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 109.9 107.6 116.2   Average 
Tot.Den. 125.8 123.1 131.7  Dry Den. 108.82 FRONT 
Moist. Cont. 14.5 14.5 13.4  Tot.Den. 124.53 
Dry Den. 103.9 103.4 111.9  w.c. (%) 14.48 
Tot.Den. 119.6 119.2 127.8    REAR 
Moist. Cont. 15.1 15.2 14.2    
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DCP      1  DCP      2  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 24.2      0 23.9      
2 25.7 7.5 7.5  2 25.4 7.5 7.5  
4 26.6 4.5 19.5  4 26.3 4.5 19.5  
6 28.5 9.5 33.5  6 27.1 4.0 28.0  
8 29.5 5.0 48.0  8 28.0 4.5 36.5  
10 30.5 5.0 58.0  10 29.0 5.0 46.0  
12 31.5 5.0 68.0  12 29.9 4.5 55.5  
14 32.3 4.0 77.0  14 31.5 8.0 68.0  
16 33.3 5.0 86.0  16 32.4 4.5 80.5  
18 34.0 3.5 94.5  18 33.4 5.0 90.0  
20 35.2 6.0 104.0  20 34.4 5.0 100.0  
22 36.3 5.5 115.5  22 35.9 7.5 112.5  
24 37.6 6.5 127.5  24 37.2 6.5 126.5  
26 39.0 7.0 141.0  26 38.8 8.0 141.0  
28 41.0 10.0 158.0  28 40.4 8.0 157.0  
30 42.6 8.0 176.0  30 42.3 9.5 174.5  
32 44.1 7.5 191.5  32 44.0 8.5 192.5  
34 45.6 7.5 206.5  34 45.5 7.5 208.5  
36 46.6 5.0 219.0  36 46.7 6.0 222.0  
38 47.3 3.5 227.5  38 47.3 3.0 231.0  
40 48.1 4.0 235.0  40 48.2 4.5 238.5  
42 48.8 3.5 242.5  42 48.8 3.0 246.0  
44 49.5 3.5 249.5  44 49.5 3.5 252.5  
46 50.5 5.0 258.0  46 50.6 5.5 261.5  
48 51.5 5.0 268.0  48 51.6 5.0 272.0  
50 52.8 6.5 279.5  50 52.7 5.5 282.5  
52 54.2 7.0 293.0  52 53.8 5.5 293.5  
54 55.8 8.0 308.0  54 55.2 7.0 306.0  
56 57.4 8.0 324.0  56 56.5 6.5 319.5  
58 59.1 8.5 340.5  58 58.0 7.5 333.5  
60 61.0 9.5 358.5  60 59.7 8.5 349.5  
62 63.1 10.5 378.5  62 61.5 9.0 367.0  
64 65.0 9.5 398.5  64 63.5 10.0 386.0  
66 67.2 11.0 419.0  66 65.5 10.0 406.0  
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.011 79.58 
3.5 0.026 139.26 
5 0.037 198.95 
6 0.042 238.73 
7.5 0.051 298.42 
9 0.061 358.10 
10 0.067 397.89 
9 0.067 358.10 
6.5 0.067 258.63 
2.5 0.06 99.47 
0 0.045 0.00 
3 0.048 119.37 
5 0.054 198.95 
7 0.06 278.52 
9 0.067 358.10 
10 0.077 397.89 
   
   
Plate diameter = 8"   
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SAMPLE: 4% Cement + Clay, Day 6     
DATE: 7/3/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 279.4  322.7 208.3 299.8 286.7  
2 266.7  313.1 266.2 220.9   
4 165.6  159.9 151.0 186.0   
5 163.4  181.0 196.4 112.9   
6 164.7  160.3 169.1    
Average 208.0       
Std 59.6       
CV 28.6       
        
        
LFWD       
Locations 
Readings 
(MPa)  Readings (MPa)   
1 518.9  523.67 462.9 570.1   
2 383.4  384.7 419.5 346.0   
3 566.5  554.47 578.64 566.4   
4 613.5  605.8 621.1 613.6   
5 502.5  517.71 515.02 474.8   
6 505.4  549.7 544 422.5   
Average 515.0       
Std 77.4       
CV 15.0       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 109.9 107.6 116.2   Average 
Tot.Den. 125.8 123.1 131.7  Dry Den. 108.82 FRONT 
Moist. Cont. 14.5 14.5 13.4  Tot.Den. 105.77 
Dry Den. 103.9 103.4 111.9  w.c. (%) 14.48 
Tot.Den. 119.6 119.2 15.2    REAR 
Moist. Cont. 15.1 15.2 14.2    
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DCP      1  
Blow # Reading (cm) PR (mm/b) 
Mid. 
layer  
0 24.3      
2 25.8 7.5 7.5  
4 26.9 5.5 20.5  
6 27.6 3.5 29.5  
8 28.5 4.5 37.5  
10 29.3 4.0 46.0  
12 30.2 4.5 54.5  
14 30.9 3.5 62.5  
16 31.7 4.0 70.0  
18 32.4 3.5 77.5  
20 33.2 4.0 85.0  
22 34.0 4.0 93.0  
24 35.0 5.0 102.0  
26 36.0 5.0 112.0  
28 37.1 5.5 122.5  
30 38.2 5.5 133.5  
32 39.4 6.0 145.0  
34 40.6 6.0 157.0  
36 42.0 7.0 170.0  
38 43.4 7.0 184.0  
40 45.0 8.0 199.0  
42 46.1 5.5 212.5  
44 47.0 4.5 222.5  
46 47.8 4.0 231.0  
48 48.5 3.5 238.5  
50 49.2 3.5 245.5  
52 49.8 3.0 252.0  
54 50.6 4.0 259.0  
56 51.3 3.5 266.5  
58 52.2 4.5 274.5  
60 53.3 5.5 284.5  
62 54.3 5.0 295.0  
64 55.4 5.5 305.5  
66 56.7 6.5 317.5  
68 58.2 7.5 331.5  
70 59.6 7.0 346.0  
72 61.1 7.5 360.5  
74 62.9 9.0 377.0  
76 64.8 9.5 395.5  
78 66.7 9.5 414.5  
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SAMPLE: 4% Cement + Clay, Day 14     
DATE: 7/12/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 349.4  341.6 352.7 353.9   
2 263.3  258.1 264.3 267.4   
3 143.9  156.1 138 137.6   
4 326.6  319.6 328 332.1   
5 144.7  145.8 145.1 143.1   
7 181.7  193.3 178.2 173.5   
Average 234.9       
Std 91.2       
CV 38.8       
        
        
LFWD       
Locations  Mean of Readings      
1 151.30       
2 543.30       
3 612.00       
4 543.00       
5 370.00       
6 805.00       
7 220.00       
Average 463.51       
Std 229.81       
CV 49.58       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 109.9 107.6 116.2   Average 
Tot.Den. 125.8 123.1 131.7  Dry Den. 108.82 FRONT 
Moist. Cont. 14.5 14.5 13.4  Tot.Den. 124.53 
Dry Den. 103.9 103.4 111.9  w.c. (%) 14.83 
Tot.Den. 119.6 119.2 127.8    REAR 
Moist. Cont. 15.1 15.2 14.2    
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DCP      1  
Blow # Reading (cm) PR (mm/b) Mid. layer  
0 24.0      
2 25.5 7.5 7.5  
4 26.1 3.0 18.0  
6 26.7 3.0 24.0  
8 27.1 2.0 29.0  
10 27.5 2.0 33.0  
12 28.3 4.0 39.0  
14 29.4 5.5 48.5  
16 30.1 3.5 57.5  
18 30.7 3.0 64.0  
20 31.3 3.0 70.0  
22 31.9 3.0 76.0  
24 32.5 3.0 82.0  
26 33.4 4.5 89.5  
28 34.2 4.0 98.0  
30 35.2 5.0 107.0  
32 36.1 4.5 116.5  
34 37.1 5.0 126.0  
36 38.2 5.5 136.5  
38 39.4 6.0 148.0  
40 40.7 6.5 160.5  
42 42.0 6.5 173.5  
44 43.4 7.0 187.0  
46 44.8 7.0 201.0  
48 46.3 7.5 215.5  
50 47.2 4.5 227.5  
52 48.1 4.5 236.5  
54 48.8 3.5 244.5  
56 49.6 4.0 252.0  
58 50.3 3.5 259.5  
60 50.9 3.0 266.0  
62 51.7 4.0 273.0  
64 52.5 4.0 281.0  
66 53.1 3.0 288.0  
68 53.9 4.0 295.0  
70 54.5 3.0 302.0  
72 55.3 4.0 309.0  
74 56.1 4.0 317.0  
76 56.6 2.5 323.5  
78 57.4 4.0 330.0  
80 58.4 5.0 339.0  
82 59.2 4.0 348.0  
84 60.0 4.0 356.0  
86 61.0 5.0 365.0  
88 61.9 4.5 374.5  
 138 
Table Continued    
90 62.9 5.0 384.0  
92 63.9 5.0 394.0  
94 65.0 5.5 404.5 4.3 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.009 79.58 
3 0.014 119.37 
4 0.018 159.16 
5 0.022 198.95 
6 0.025 238.73 
7.5 0.035 298.42 
9 0.041 358.10 
10 0.045 397.89 
8.5 0.045 338.21 
6 0.043 238.73 
4 0.040 159.16 
2 0.035 79.58 
0 0.024 0.00 
4 0.037 159.16 
6 0.042 238.73 
8 0.046 318.31 
10 0.049 397.89 
12 0.055 477.47 
13 0.059 517.26 
14 0.063 557.05 
15 0.068 596.84 
16.5 0.075 656.52 
18 0.087 716.20 
19 0.124 755.99 
15 0.124 596.84 
10 0.117 397.89 
7.5 0.109 298.42 
5 0.105 198.95 
2 0.095 79.58 
0 0.074 0.00 
7.5 0.093 298.42 
10 0.100 397.89 
12.5 0.106 497.36 
15 0.113 596.84 
17.5 0.146 696.31 
20   795.78 
Plate diameter=8"   
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SAMPLE: 4% Cement + Clay, Day 20     
DATE: 7/18/2002       
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 292.9  282.7 295.1 301   
2 248.0  247.2 248.9 247.8   
4 166.8  164.4 167.8 168.1   
5 175.3  173.3 175.3 177.3   
6 139.3  138 140.4 139.5   
Average 204.5       
Std 63.7       
CV 31.2       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 448.50  455 442    
2 336.50  329 344    
3 731.50  729 734    
4 482.00  496 468    
5 630.00  678 582    
Average 525.70       
Std 155.64       
CV 29.61       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 109.9 107.6 116.2   Average 
Tot.Den. 125.8 123.1 131.7  Dry Den. 108.82 FRONT 
Moist. Cont. 14.5 14.5 13.4  Tot.Den. 124.53 
Dry Den. 103.9 103.4 111.9  w.c. (%) 14.83 
Tot.Den. 119.6 119.2 127.8    REAR 
Moist. Cont. 15.1 15.2 14.2    
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DCP      1  
Blow # Reading (cm) PR (mm/b) 
Mid. 
layer  
0 24.2      
2 25.2 5.0 5.0  
4 26.0 4.0 14.0  
6 26.6 3.0 21.0  
8 27.4 4.0 28.0  
10 27.9 2.5 34.5  
12 28.6 3.5 40.5  
14 29.1 2.5 46.5  
16 30.0 4.5 53.5  
18 30.5 2.5 60.5  
20 31.1 3.0 66.0  
22 31.7 3.0 72.0  
24 32.5 4.0 79.0  
26 33.3 4.0 87.0  
28 33.4 0.5 91.5  
30 34.1 3.5 95.5  
32 34.9 4.0 103.0  
34 35.3 2.0 109.0  
36 36.3 5.0 116.0  
38 37.4 5.5 126.5  
40 38.4 5.0 137.0  
42 39.2 4.0 146.0  
44 40.3 5.5 155.5  
46 41.7 7.0 168.0  
48 43.0 6.5 181.5  
50 44.1 5.5 193.5  
52 45.0 4.5 203.5  
54 45.9 4.5 212.5  
56 46.5 3.0 220.0  
58 47.1 3.0 226.0  
60 47.5 2.0 231.0  
62 48.1 3.0 236.0  
64 48.5 2.0 241.0  
66 48.9 2.0 245.0  
68 49.4 2.5 249.5  
70 50.0 3.0 255.0  
72 50.5 2.5 260.5  
74 51.0 2.5 265.5  
76 51.8 4.0 272.0  
78 52.5 3.5 279.5  
80 53.0 2.5 285.5  
82 53.9 4.5 292.5  
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84 55.0 5.5 302.5  
86 55.8 4.0 312.0  
88 56.6 4.0 320.0  
90 57.6 5.0 329.0  
92 58.8 6.0 340.0  
94 59.8 5.0 351.0  
96 61.0 6.0 362.0  
98 62.5 7.5 375.5  
100 63.7 6.0 389.0  
102 65.0 6.5 401.5  
104 66.6 8.0 416.0  
106 68.0 7.0 431.0  
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APPENDIX D: GRANULAR AGGREGATE DATA 
        
SAMPLE: Gravel Stone  (Sand Clay Gravel Base Course)  
DATE: 8/28/2002  CBR (%) = 0.359 (Dry Den.) – 25.44 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 199.0  195.3 197.8 203.8   
2 241.5  241.1 242.1 241.4   
3 230.8  227.7 231.3 233.4   
4 233.4  229.9 234.9 235.3   
5 204.3  195.7 206.1 211   
6 193.7  188.6 193.6 199   
Average 217.1       
Std 20.4       
CV 9.4       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa) 
  
1 304.2  290 310.5 312.1   
2 231.4  233.1 226.3 234.9   
3 347.2  391.1 327.9 322.7   
4 483.9  478.7 484.1 488.8   
5 207.4  199.3 215.1 207.7   
6 294.8  291.3 294.7 298.5   
Average 311.5       
Std 98.6       
CV 31.6       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 121.9 124.4 126.8    
Tot.Den. 132.1 133.6 136.6   Average FRONT 
W.c. (%) 8.4 7.4 7.7  Dry Den. 123.85 
Dry Den. 122.2 123.4 124.4  Tot.Den. 133.38 
Tot.Den. 131.1 133 133.9  W.c. (%) 7.57 REAR 
W.c. (%) 7.3 7.8 7.6    
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DCP      1 (Readings at 1blow)  DCP      2 (Readings at 2blows)  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 24.5    0 24.5    
1 26.3 18.0 9.0  2 26.2 8.5 8.5  
2 26.7 4.0 20.0  4 27.7 7.5 24.5  
3 27.3 6.0 25.0  6 29.1 7.0 39.0  
4 28.0 7.0 31.5  8 30.1 5.0 51.0  
5 28.4 4.0 37.0  10 31.6 7.5 63.5  
6 28.9 5.0 41.5  12 32.9 6.5 77.5  
7 29.4 5.0 46.5  14 34.4 7.5 91.5  
8 30.1 7.0 52.5  16 35.8 7.0 106.0  
9 30.7 6.0 59.0  18 37.3 7.5 120.5  
10 31.3 6.0 65.0  20 38.9 8.0 136.0  
11 32.1 8.0 72.0  22 40.3 7.0 151.0  
12 32.6 5.0 78.5  24 42.1 9.0 167.0  
13 33.2 6.0 84.0  26 43.7 8.0 184.0  
14 33.9 7.0 90.5  28 45.5 9.0 201.0  
15 34.4 5.0 96.5  30 46.8 6.5 216.5  
16 35.0 6.0 102.0  32 48.0 6.0 229.0  
17 35.7 7.0 108.5  34 49.1 5.5 240.5  
18 36.3 6.0 115.0  36 50.3 6.0 252.0  
19 37.1 8.0 122.0  38 51.3 5.0 263.0  
20 38.2 11.0 131.5  40 53.3 10.0 278.0  
21 39.2 10.0 142.0  42 55.3 10.0 298.0  
22 40.2 10.0 152.0  44 57.3 10.0 318.0  
23 41.4 12.0 163.0  46 59.3 10.0 338.0  
24 42.6 12.0 175.0  48 62.0 13.5 361.5  
25 43.9 13.0 187.5  50 67.5 27.5 402.5  
26 45.1 12.0 200.0       
27 45.9 8.0 210.0       
28 46.4 5.0 216.5       
29 47.0 6.0 222.0       
30 47.6 6.0 228.0       
31 48.4 8.0 235.0       
32 49.1 7.0 242.5       
33 49.8 7.0 249.5       
34 50.6 8.0 257.0       
35 51.5 9.0 265.5       
36 52.3 8.0 274.0       
37 53.3 10.0 283.0       
38 54.3 10.0 293.0       
39 55.3 10.0 303.0       
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40 56.3 10.0 313.0       
41 57.6 13.0 324.5       
42 58.6 10.0 336.0       
43 59.9 13.0 347.5       
44 61.3 14.0 361.0       
45 64.0 27.0 381.5       
46 67.1 31.0 410.5       
 
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.016 79.58 
3 0.036 119.37 
4 0.054 159.16 
5 0.071 198.95 
6 0.092 238.73 
7 0.109 278.52 
8 0.150 318.31 
7 0.150 278.52 
3 0.127 119.37 
0 0.109 0.00 
2.5 0.119 99.47 
3.5 0.126 139.26 
5 0.137 198.95 
6.5 0.145 258.63 
7.5 0.159 298.42 
8.5 0.174 338.21 
10 0.246 397.89 
11 0.325 437.68 
   
   
Plate diameter=8"   
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SAMPLE: Lime Stone       
DATE: 8/28/2002  CBR (%) = 4.2845 (Dry Den.) – 498.63 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 160.9  158.2 162.9 161.6   
2 156.8  154.5 157.4 158.5   
3 153.2  151.3 154 154.3   
4 148.1  146.5 149.2 148.5   
5 157.4  156.5 157.5 158.1   
Average 155.3       
Std 4.9       
CV 3.1       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa)   
1 96.4  98.64 91.99 98.58   
2 74.9  73.6 76.12    
3 67.6  68.1 67.14    
4 69.6  70.87 68.24    
Average 77.1       
Std 13.2       
CV 17.1       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 137.6 134.3 129.6   Average 
Tot.Den. 134.3 142.2 137.7  Dry Den. 132.35 FRONT 
W.c. (%) 6 5.9 6.3  Tot.Den. 138.53 
Dry Den. 130.4 130.9 131.3  W.c. (%) 6.13 
Tot.Den. 138.4 139 139.6    REAR 
W.c. (%) 6.1 6.2 6.3    
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DCP      1 (Readings at 1blow)   DCP      2 (Readings at 1blow)  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 26.4       0 24.8      
1 28.9 25.0 12.5   1 27.5 27.0 13.5  
2 30.9 20.0 35.0   2 29.7 22.0 38.0  
3 33.3 24.0 57.0   3 31.7 20.0 59.0  
4 35.3 20.0 79.0   4 33.7 20.0 79.0  
5 36.5 12.0 95.0   5 35.4 17.0 97.5  
6 37.4 9.0 105.5   6 36.7 13.0 112.5  
7 39.1 17.0 118.5   7 37.8 11.0 124.5  
8 40.2 11.0 132.5   8 39.0 12.0 136.0  
9 41.6 14.0 145.0   9 40.2 12.0 148.0  
10 43.0 14.0 159.0   10 41.2 10.0 159.0  
11 44.4 14.0 173.0   11 42.2 10.0 169.0  
12 45.8 14.0 187.0   12 43.2 10.0 179.0  
13 46.9 11.0 199.5  13 43.9 7.0 187.5  
14 48.0 11.0 210.5  14 44.7 8.0 195.0  
15 49.0 10.0 221.0  15 45.2 5.0 201.5  
16 49.8 8.0 230.0  16 45.6 4.0 206.0  
17 50.8 10.0 239.0  17 46.1 5.0 210.5  
18 51.6 8.0 248.0  18 46.4 3.0 214.5  
19 52.2 6.0 255.0  19 46.6 2.0 217.0  
20 53.1 9.0 262.5  20 47.2 6.0 221.0  
21 53.7 6.0 270.0       
22 54.3 6.0 276.0       
23 55.4 11.0 284.5       
24 56.3 9.0 294.5       
25 58.0 17.0 307.5       
26 60.9 29.0 330.5       
27 63.0 21.0 355.5       
28 64.8 18.0 375.0       
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.03 79.58 
2.5 0.046 99.47 
3 0.082 119.37 
4 0.153 159.16 
5 0.266 198.95 
6 0.494 238.73 
4.5 0.494 179.05 
3.5 0.488 139.26 
2.5 0.480 99.47 
1.5 0.469 59.68 
0 0.448 0.00 
2 0.461 79.58 
3 0.475 119.37 
4 0.49 159.16 
5 0.506 198.95 
5.5 0.521 218.84 
6 0.563 238.73 
6.5 0.623 258.63 
7.5 0.817 298.42 
   
   
Plate diameter=8"   
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SAMPLE: Crushed limestone       
DATE: 02/05/03   CBR (%) = 7.0045 (Dry Den.) – 829.5 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 120.5  118.6 122.4    
2 116.6  115.9 117.2    
3 137.8  136.7 138.9    
4 117.3  115.1 119.4    
5 131.5  129.7 133.3    
Average 124.7       
Std 9.5       
CV 7.6       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 139.45  143.7 108.4 151.9 153.8  
2 137.07  135.1 138 138.1   
3 131.55  129.3 133.8    
Average 136.02       
Std 4.05       
CV 2.98       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 124.8 122.8 126.8   Average 
Tot.Den. 128.9 126.8 130.9  Dry Den. 124.87 FRONT 
W.c. (%) 3.2 3.3 3.3  Tot.Den. 128.87 
Dry Den. 126.3 126.5 122  W.c. (%) 3.18 
Tot.Den. 130.4 130.5 125.7    REAR 
W.c. (%) 3.2 3.1 3    
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DCP      1 (Readings at 1blow)  DCP      2 (Readings at 1blow)  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 9.6      0 10.0      
1 11.0 14.0 7.0  1 11.9 19.0 9.5  
2 11.9 9.0 18.5  2 13.9 20.0 29.0  
3 12.8 9.0 27.5  3 15.5 16.0 47.0  
4 13.8 10.0 37.0  4 16.3 8.0 59.0  
5 15.4 16.0 50.0  5 17.0 7.0 66.5  
6 16.5 11.0 63.5  6 18.0 10.0 75.0  
7 17.7 12.0 75.0  7 19.3 13.0 86.5  
8 18.9 12.0 87.0  8 20.2 9.0 97.5  
9 20.2 13.0 99.5  9 22.1 19.0 111.5  
10 21.3 11.0 111.5  10 23.0 9.0 125.5  
11 22.5 12.0 123.0  11 24.0 10.0 135.0  
12 23.5 10.0 134.0  12 24.8 8.0 144.0  
13 24.5 10.0 144.0  13 25.2 4.0 150.0  
14 25.6 11.0 154.5  14 26.0 8.0 156.0  
15 26.6 10.0 165.0  15 26.5 4.5 162.3  
16 27.5 9.0 174.5  16 27.0 5.5 167.3  
17 28.1 6.0 182.0  17 27.5 5.0 172.5  
18 28.7 6.0 188.0  18 27.9 4.0 177.0  
19 29.3 6.0 194.0  19 28.4 5.0 181.5  
20 29.9 6.0 200.0  20 28.9 5.0 186.5  
21 30.3 4.0 205.0  21 29.3 4.0 191.0  
22 31.1 8.0 211.0  22 29.9 6.0 196.0  
23 31.7 6.0 218.0  23 30.4 5.0 201.5  
24 32.3 6.0 224.0  24 30.8 4.0 206.0  
25 33.0 7.0 230.5  25 31.3 5.0 210.5  
26 33.6 6.0 237.0  26 31.8 5.0 215.5  
27 34.1 5.0 242.5  27 32.4 6.0 221.0  
28 34.5 4.0 247.0  28 32.9 5.0 226.5  
29 34.8 3.0 250.5  29 33.4 5.0 231.5  
30 35.4 6.0 255.0  30 34.0 6.0 237.0  
31 36.0 6.0 261.0  31 34.4 4.0 242.0  
32 36.5 5.0 266.5  32 34.7 3.0 245.5  
33 37.0 5.0 271.5  33 35.0 3.0 248.5  
34 37.6 6.0 277.0  34 35.5 5.0 252.5  
35 38.1 5.0 282.5  35 36.0 5.0 257.5  
36 38.7 6.0 288.0  36 36.5 5.0 262.5  
37 39.8 11.0 296.5  37 36.9 4.0 267.0  
38 40.5 7.0 305.5  38 37.2 3.0 270.5  
39 41.1 6.0 312.0  39 37.5 3.0 273.5  
40 41.9 8.0 319.0       
41 42.5 6.0 326.0       
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42 43.3 8.0 333.0       
43 44.2 9.0 341.5       
44 45.1 9.0 350.5       
45 46.0 9.0 359.5       
46 47.1 11.0 369.5       
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.028 50.93 
2.5 0.042 63.66 
3.5 0.069 89.13 
5 0.118 127.32 
6 0.149 152.79 
3 0.142 76.39 
1.5 0.134 38.20 
0 0.113 0.00 
2.5 0.138 63.66 
3.5 0.145 89.13 
5 0.159 127.32 
6 0.172 152.79 
8 0.244 203.72 
10 0.345 254.65 
12 0.484 305.58 
   
   
Plate diameter=10"   
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SAMPLE: RAP       
DATE: 1/31/2003  CBR (%) = 1.4768 (Dry Den.) – 150.77 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 102.1  99.46 104.7    
2 96.0  92.9 99.01    
3 94.0  91.48 96.42    
4 97.5  98.64 96.42    
5 102.2  99.22 105.19    
Average 98.3       
Std 3.7       
CV 3.8       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 107.76  100.49 115.02    
2 190.43  173.62 207.24    
3 146.67  149.15 144.18    
4 129.00  127.31 130.68    
Average 143.46       
Std 35.12       
CV 24.48       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 106.3 109 111.8   Average 
Tot.Den. 120.1 123.5 126  Dry Den. 109.17 FRONT 
W.c. (%) 13 13.3 12.7  Tot.Den. 123.70 
Dry Den. 107.7 110 110.2  W.c. (%) 13.30 
Tot.Den. 122.4 125 125.2    REAR 
W.c. (%) 13.6 13.6 13.6    
 
 
 
 
 
 
 
 
 156 
DCP      1 (Readings at 1blow)  DCP      2 (Readings at 1blow)  
                  
0 9.3      0 10.0      
1 10.5 12.0 6.0  1 11.0 10.0 5.0  
2 11.3 8.0 16.0  2 12.0 10.0 15.0  
3 12.2 9.0 24.5  3 12.8 8.0 24.0  
4 12.9 7.0 32.5  4 13.6 8.0 32.0  
5 13.5 6.0 39.0  5 14.5 9.0 40.5  
6 14.3 8.0 46.0  6 15.4 9.0 49.5  
7 15.0 7.0 53.5  7 16.5 11.0 59.5  
8 15.7 7.0 60.5  8 17.7 12.0 71.0  
9 16.4 7.0 67.5  9 19.5 18.0 86.0  
10 17.1 7.0 74.5  10 20.6 11.0 100.5  
11 18.0 9.0 82.5  11 21.9 13.0 112.5  
12 19.0 10.0 92.0  12 23.0 11.0 124.5  
13 19.7 7.0 100.5  13 24.5 15.0 137.5  
14 20.4 7.0 107.5  14 25.7 12.0 151.0  
15 21.3 9.0 115.5  15 27.0 13.0 163.5  
16 22.2 9.0 124.5  16 27.9 9.0 174.5  
17 23.2 10.0 134.0  17 28.4 5.0 181.5  
18 24.1 9.0 143.5  18 29.0 6.0 187.0  
19 25.0 9.0 152.5  19 29.8 8.0 194.0  
20 25.9 9.0 161.5  20 30.5 7.0 201.5  
21 26.8 9.0 170.5  21 31.0 5.0 207.5  
22 27.6 8.0 179.0  22 31.8 8.0 214.0  
23 28.2 6.0 186.0  23 32.5 7.0 221.5  
24 28.7 5.0 191.5  24 33.1 6.0 228.0  
25 29.3 6.0 197.0  25 33.8 7.0 234.5  
26 29.8 5.0 202.5  26 34.7 9.0 242.5  
27 30.2 4.0 207.0  27 35.5 8.0 251.0  
28 30.7 5.0 211.5  28 36.3 8.0 259.0  
29 31.2 5.0 216.5  29 37.1 8.0 267.0  
30 31.7 5.0 221.5  30 38.3 12.0 277.0  
31 32.2 5.0 226.5  31 39.2 9.0 287.5  
32 32.7 5.0 231.5  32 40.0 8.0 296.0  
33 33.3 6.0 237.0  33 41.0 10.0 305.0  
34 34.0 7.0 243.5  34 41.9 9.0 314.5  
35 34.9 9.0 251.5  35 42.8 9.0 323.5  
36 35.5 6.0 259.0  36 43.8 10.0 333.0  
37 36.3 8.0 266.0  37 44.9 11.0 343.5  
38 37.1 8.0 274.0  38 46.0 11.0 354.5  
39 38.0 9.0 282.5  39 47.0 10.0 365.0  
40 38.8 8.0 291.0           
41 40.1 13.0 301.5       
42 41.0 9.0 312.5       
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43 42.1 11.0 322.5       
44 43.2 11.0 333.5       
45 44.3 11.0 344.5       
46 45.3 10.0 355.0       
47 46.2 9.0 364.5       
48 47.1 9.0 373.5       
 
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.057 79.58 
3 0.201 119.37 
4 0.423 159.16 
0 0.360 0.00 
2 0.370 79.58 
3 0.390 119.37 
4 0.418 159.16 
5 0.615 198.95 
2.5 0.616 99.47 
   
   
Plate diameter=8"  
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APPENDIX E: CLAYEY SILT DATA 
        
SAMPLE: Clayey Silt 1      
DATE: 11/18/2002   CBR (%) = 0.2668 (Dry Den.) – 22.752 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 49.1  48.2 50    
2 64.6  63.6 65.6    
3 49.95  49.4 50.5    
4 61.45  60.9 62    
5 69.75  69.2 70.3    
Average 58.97       
Std 9.12       
CV 15.47       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa)   
1 29.89  30.39 29.39    
2 32.675  27.05 38.3    
3 40.845  35.98 45.71    
4 32.85  33 32.7    
Average 34.07       
Std 4.72       
CV 13.85       
        
        
Nuclear gauge 
readings 
12" 8" 4"    Average 
Dry Den. 102 102.1 103.8  Dry Den. 102.63 
Tot.Den. 121.7 121.9 122.9  Tot.Den. 122.17 FRONT 
w.c. (%) 19.3 19.2 18.4  w.c. (%) 18.97 
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DCP1  
Blow # Reading (cm) PR (mm/b) Mid. layer  
0 2.4      
1 5.0 26.0 13.0  
2 8.2 32.0 42.0  
3 11.6 34.0 75.0  
4 14.7 31.0 107.5  
5 17.0 23.0 134.5  
6 18.9 19.0 155.5  
7 20.9 20.0 175.0  
8 23.3 24.0 197.0  
9 26.0 27.0 222.5  
10 28.6 26.0 249.0  
11 31.0 24.0 274.0  
12 33.4 24.0 298.0  
13 35.5 21.0 320.5  
14 37.7 22.0 342.0  
15 40.1 24.0 365.0  
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.052 50.93 
2.5 0.126 63.66 
3 0.225 76.40 
3.5 0.378 89.13 
2.5 0.370 63.66 
1.5 0.349 38.20 
0 0.257 0.00 
2 0.330 50.93 
4 0.480 101.86 
5 0.710 127.33 
   
   
Plate diameter=10"   
 
 
 
 
 
 
 
 161 
 
DCP - Clayey Silt 1
0
50
100
150
200
250
300
350
400
0 5 10 15 20 25 30 35 40 45 50
Penetration rate (mm/blow)
D
ep
th
 (m
m
)
 
PLT - Clayey Silt 1
0
20
40
60
80
100
120
140
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
settlement (inch)
no
rm
al
 s
tr
es
s 
(p
si
)
 
 162 
 
        
        
SAMPLE: Clayey Silt 2      
DATE: 12/17/2002   CBR (%) = 0.7975 (Dry Den.) – 70.284 
        
Geogauge       
Locations  Mean of Readings   Readings (MPa)   
1 73.9  70.6 77.2    
2 68.95  67.5 70.4    
3 66.4  65 67.8    
4 72.15  70.8 73.5    
5 68.3  66.1 70.5    
Average 69.94       
Std 3.03       
CV 4.33       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa)   
1 37.7  37.2 38.2    
2 60.4  58.4 62.4    
3 56.2  61 51.4    
4 56.95  56.8 57.1    
5 58.6  57.9 59.3    
Average 53.97       
Std 9.24       
CV 17.12       
        
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 101.8 99.3 104.1    Average 
Tot.Den. 117.7 115.9 120.3  Dry Den. 101.43 FRONT 
w.c. (%) 15.6 16.7 15.5  Tot.Den. 117.13 
Dry Den. 102.3 96.8 104.3  w.c. (%) 15.37 
Tot.Den. 117.9 111.9 119.1    REAR 
w.c. (%) 15.2 15.1 14.1    
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DCP1  DCP1  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 0.7      0 0.9      
1 2.0 13.0 6.5  1 2.4 15.0 7.5  
2 3.3 13.0 19.5  2 4.0 16.0 23.0  
3 4.4 11.0 31.5  3 5.7 17.0 39.5  
4 6.6 22.0 48.0  4 8.0 23.0 59.5  
5 8.6 20.0 69.0  5 10.7 27.0 84.5  
6 11.1 25.0 91.5  6 14.0 33.0 114.5  
7 13.8 27.0 117.5  7 17.6 36.0 149.0  
8 16.0 22.0 142.0  8 19.9 23.0 178.5  
9 17.2 12.0 159.0  9 21.1 12.0 196.0  
10 18.3 11.0 170.5  10 22.2 11.0 207.5  
11 19.3 10.0 181.0  11 23.4 12.0 219.0  
12 20.5 12.0 192.0  12 24.6 12.0 231.0  
13 21.7 12.0 204.0  13 26.0 14.0 244.0  
14 23.1 14.0 217.0  14 27.6 16.0 259.0  
15 24.0 9.0 228.5  15 29.5 19.0 276.5  
16 26.1 21.0 243.5  16 31.4 19.0 295.5  
17 27.8 17.0 262.5  17 33.2 18.0 314.0  
18 29.7 19.0 280.5  18 35.4 22.0 334.0  
19 31.4 17.0 298.5  19 37.6 22.0 356.0  
20 33.0 16.0 315.0  20 39.6 20.0 377.0  
21 34.9 19.0 332.5  21 41.8 22.0 398.0  
22 36.7 18.0 351.0  22 44.3 25.0 421.5  
23 38.6 19.0 369.5  23 46.9 26.0 447.0  
24 40.6 20.0 389.0       
25 42.7 21.0 409.5       
26 45.6 29.0 434.5       
27 48.5 29.0 463.5       
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PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
2 0.073 50.93 
3 0.171 76.40 
4 0.360 101.86 
4.5 0.666 114.59 
2.5 0.649 63.66 
1.5 0.623 38.20 
0 0.561 0.00 
2 0.620 50.93 
3 0.664 76.40 
4 0.735 101.86 
4.5 0.765 114.59 
5 0.918 127.33 
   
   
Plate diameter=10"   
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SAMPLE: Clayey Silt 3      
DATE: 12/19/2002    
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 15.8  15.6 16    
2 15.25  14.7 15.8    
3 17  16.3 17.7    
4 16.75  16.6 16.9    
5 20.25  20 20.5    
Average 17.01       
Std 1.94       
CV 11.43       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 55.13  21.7 66.9 76.8   
2 27.10  9.3 55.6 16.4   
3 17.43  19.5 11.2 21.6   
4 29.90  27.5 26 36.2   
5 24.97  31.3 24.7 18.9   
Average 30.91       
Std 14.31       
CV 46.30       
        
        
Nuclear gauge 
readings 12" 8" 4"    
Dry Den. 101.7 101.3 98.2    Average 
Tot.Den. 122.4 121.5 118.1  Dry Den. 101.50 FRONT 
w.c. (%) 20.3 19.9 20.4  Tot.Den. 121.92 
Dry Den. 102.9 103.1 101.8  w.c. (%) 20.10 
Tot.Den. 124.3 123.3 121.9    REAR 
w.c. (%) 20.7 19.6 19.7    
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DCP1  DCP1  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 1.3      0 2      
1 8.1 68.0 34.0  1 8.6 66.0 33.0  
2 12.6 45.0 90.5  2 13.7 51.0 91.5  
3 16.9 43.0 134.5  3 18.1 44.0 139.0  
4 22.3 54.0 183.0  4 24.0 59.0 190.5  
5 27.5 52.0 236.0  5 29.1 51.0 245.5  
6 31.5 40.0 282.0  6 33.4 43.0 292.5  
7 35.1 36.0 320.0  7 37.4 40.0 334.0  
8 37.8 27.0 351.5  8 40.1 27.0 367.5  
9 39.8 20.0 375.0  9 42.4 23.0 392.5  
10 41.7 19.0 394.5           
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0.000 0.00 
1.5 0.342 38.20 
2 0.616 50.93 
0 0.431 0.00 
1.5 0.600 38.20 
2 0.706 50.93 
2.5 0.963 63.66 
3 1.174 76.40 
3.5 1.572 89.13 
   
   
Plate diameter=10"   
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APPENDIX F: SAND DATA 
        
SAMPLE: Sand 1       
DATE: 6/20/2002   CBR (%) = 1.2346 (Dry Den.) – 123.52 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 57       
2 59.3       
3 55.7       
4 45       
5 53.8       
6 56.3       
7 53.6       
Average 54.4       
Std 4.6       
CV 8.4       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa)   
1 20.1  4.9 7 20.1   
2 18.95  5 6.03 18.95   
3 14  4.7 10.68 14   
4 18.95  5 10.82 18.95   
Average 18.00       
Std 2.72       
CV 15.12       
        
        
Nuclear gauge readings 8" 4"     
Dry Den. 111.4 112.4     Average 
Tot.Den. 113.8 114.4   Dry Den. 112.78 FRONT 
w.c. (%) 2.1 1.8   Tot.Den. 115.05 
Dry Den. 112.8 114.5   w.c. (%) 1.98 
Tot.Den. 115.2 116.8     REAR 
w.c. (%) 2.1 1.9     
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DCP1  DCP1  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 24.8      0 32.7      
1 42.0 172.0 86.0  1 41.3 86.0 43.0  
2 45.5 35.0 189.5  2 45.4 41.0 106.5  
3 47.9 24.0 219.0  3 48.2 28.0 141.0  
4 50.0 21.0 241.5  4 50.4 22.0 166.0  
5 51.6 16.0 260.0  5 52.3 19.0 186.5  
6 53.0 14.0 275.0  6 54.0 17.0 204.5  
7 54.6 16.0 290.0  7 55.5 15.0 220.5  
8 56.1 15.0 305.5  8 57.2 17.0 236.5  
9 57.8 17.0 321.5  9 59.4 22.0 256.0  
10 60.4 26.0 343.0  10 62.3 29.0 281.5  
11 62.5 21.0 366.5  11 64.9 26.0 309.0  
12 64.5 20.0 387.0  12 67.2 23.0 333.5  
13 66.2 17.0 405.5  13 69.9 27.0 358.5  
14 67.7 15.0 421.5  14 72.4 25.0 384.5  
15 69.0 13.0 435.5  15 74.2 18.0 406.0  
16 70.9 19.0 451.5  16 75.6 14.0 422.0  
17 72.1 12.0 467.0       
18 73.8 17.0 481.5       
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.092 50.93 
2.5 0.16 63.66 
2 0.163 50.93 
1.5 0.15 38.20 
0 0.11 0.00 
1.5 0.138 38.20 
2 0.155 50.93 
2.5 0.18 63.66 
   
   
Plate diameter = 10"   
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SAMPLE: Sand 2       
DATE: 7/12/2002   CBR (%) = 1.2346 (Dry Den.) – 123.52 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 47.4  47.2 47.5 47.4   
2 44.3  44.4 44.2 44.3   
3 45.7  45.6 45.9 45.5   
4 45.0  45 45 45   
5 49.4  49.5 49.2 49.5   
6 52.0  51.8 52.1 52   
7 48.5  48.7 48.6 48.2   
8 48.1  48.3 47.7 48.2   
9 51.1  50.8 51.3 51.2   
Average 47.9       
Std 2.6       
CV 5.5       
        
        
LFWD       
Locations  Mean of 
Readings   
Readings (MPa)   
1 41.4  4.27 23.78 39.48 43.38  
2 41.7  8.77 24.83 33.04 50.37  
3 45.2  6.31 29.7 45.2   
4 48.2  8.87 26.62 38.74 57.56  
5 37.1  4.88 23.96 34.44 39.82  
6 30.5  4.58 20.92 27.15 33.86  
Average 40.7       
Std 6.2       
CV 15.3       
        
Nuclear gauge readings 8" 4"     
Dry Den. 105.4 100.6     Average 
Tot.Den. 107.7 103.2   Dry Den. 103.65 FRONT 
w.c. (%) 2.2 2.6   Tot.Den. 106.20 
Dry Den. 106.3 102.3   w.c. (%) 2.50 
Tot.Den. 109.2 104.7     REAR 
w.c. (%) 2.8 2.4     
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DCP1  DCP1  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
layer  
0 33.3      0 33.2      
1 44.0 107.0 53.5  1 44.2 110.0 55.0  
2 47.6 36.0 125.0  2 48.5 43.0 131.5  
3 50.4 28.0 157.0  3 51.3 28.0 167.0  
4 52.6 22.0 182.0  4 53.4 21.0 191.5  
5 54.5 19.0 202.5  5 55.6 22.0 213.0  
6 56.2 17.0 220.5  6 57.5 19.0 233.5  
7 58.0 18.0 238.0  7 59.5 20.0 253.0  
8 59.6 16.0 255.0  8 61.5 20.0 273.0  
9 61.4 18.0 272.0  9 65.0 35.0 300.5  
10 64.3 29.0 295.5  10 69.6 46.0 341.0  
11 67.3 30.0 325.0  11 74.6 50.0 389.0  
12 70.2 29.0 354.5  12 76.7 21.0 424.5  
13 73.1 29.0 383.5       
14 75.2 21.0 408.5       
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
2 0.111 50.93 
2.5 0.158 63.66 
3 0.384 76.39 
2.5 0.383 63.66 
1.5 0.375 38.20 
0 0.351 0.00 
1.5 0.383 38.20 
2 0.393 50.93 
2.5 0.405 63.66 
3 0.437 76.39 
   
   
Plate diameter = 10"   
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SAMPLE: Sand 3       
DATE: 2/12/03   CBR (%) = 1.2346 (Dry Den.) – 123.52 
        
Geogauge       
Locations  Mean of 
Readings   
Readings (MPa)   
1 51.0  50.78 51.15    
2 50.1  50.09     
3 50.3  50.3     
4 48.4  48.42     
5 48.5  48.54 48.54    
Average 49.7       
Std 1.1       
CV 2.3       
        
        
LFWD       
Locations  Mean of Readings   Readings (MPa)   
1 13.0  5.86 9.25 16.1 13.57 12.4 
2 26.3  7.11 5.15 9.04 23.3 29.27 
3 21.8  3.76 5.02 5.18 22.5 21.01 
4 23.5  11.39 7.18 22.7 25.59 21.4 
5 18.7  5.38 7.91 11 23.9 21.23 
Average 20.6       
Std 5.1       
CV 24.6       
        
Nuclear gauge readings 12" 8" 4"    
Dry Den. 101.6 102.8 102    Average 
Tot.Den. 103.7 105 104.5  Dry Den. 102.87 FRONT 
w.c. (%) 2.1 2.2 2.5  Tot.Den. 105.12 
Dry Den. 104.5 103 103.3  w.c. (%) 2.22 
Tot.Den. 106.7 105.1 105.7    REAR 
w.c. (%) 2.1 2.1 2.3    
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DCP1  DCP1  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid. 
 layer  
Blow 
# 
Reading 
(cm) 
PR 
(mm/b) 
Mid.  
layer  
0 20.5      0 18.1      
1 35.9 154.0 77.0  1 37.5 194.0 97.0  
2 42.2 63.0 185.5  2 43.4 59.0 223.5  
3 46.9 47.0 240.5  3 47.3 39.0 272.5  
4 53.3 64.0 296.0  4 52.1 48.0 316.0  
5 58.2 49.0 352.5  5 54.4 23.0 351.5  
6 73.5 153.0 453.5  6 56.7 23.0 374.5  
     7 65.8 91.0 431.5  
 
 
PLATE LOAD TEST 
Load (tons) DEFLECTION (in) Stress(psi) 
0 0 0.00 
0.6 0.018 15.28 
0.9 0.061 22.92 
1.2 0.136 30.56 
1.5 0.247 38.20 
1.8 0.446 45.84 
1.2 0.448 30.56 
0.6 0.44 15.28 
0 0.412 0.00 
0.6 0.431 15.28 
0.9 0.441 22.92 
1.2 0.45 30.56 
1.5 0.465 38.20 
1.8 0.496 45.84 
2.1 0.999 53.48 
   
   
Plate diameter = 10"  
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